UNCLASSIFIED 


AD  NUMBER 


AD822654 


NEW  LIMITATION  CHANGE 
TO 

Approved  for  public  release,  distribution 
unlimited 


FROM 

Distribution  authorized  to  U.S.  Gov't, 
agencies  and  their  contractors;  Critical 
Technology;  JUL  1967.  Other  requests  shall 
be  referred  to  Commanding  Officer, 

Edgewood  Arsenal,  Attn:  SMUEA-TSTI-T, 
Edgewood  Arsenal,  MD  21010. 


AUTHORITY 


USAEA  ltr,  22  Dec  1971 


THIS  PAGE  IS  UNCLASSIFIED 


Distribution  Statement 


Thi'i  document  it  subject  to  special  expert?  controls  ond 
each  transmittal  to  foreign  governments  or  foreign  notional* 
may  bn  mode  only  with  p-:or  approval  of  the  CO,  Edgewood 
Arterial,  ATTN;  SWUEA"TSTI“T,  Edgewc-od  Artonol, 
Maryland,  2^10. 


Disclaimer 

The  findings  in  this  repocr  or*  net  to  be  construed  as  an 
official  Deportment  of  the  Army  position  unless  so  desig¬ 
nated  by  other  authorized  documents. 


'disposition 


Destroy  this  report  when  no  longer  needed.  Do  not  return 
it  to  the  originator. 


Best 

Available 

Copy 


SRi  Technical  Report  Ho.  19 


PNEUMATIC  DISSEMINATION  OF  DRY  POWDERS 


Special  Report 


by 

PAUL  L,  MAG1LL 
DON  PON 


July  1967 


DEPARTMENT  OF  THE  ARMY 
EDGEWOGO  ARSENAL 
Research  Laboratories 
Physical  Research  Laboratory 
Edgewood  Arsenal..  Mary  lend  2iCiO 


Contract  D A- 1 8-035 -AMC-  122(A) 
Tass  18522301AD8101 
SR!  Project  PAU-4900 


METRONIC'  ASSOCIATES.  INC 
3201  Porter  Dr  ive 
Stanford  Industrial  Parlr 
Palo  Alto,  California 


This  donur.ient  i*  subject  ‘o  special  export  control*  and  *<nj\  trcnsmiftal  to  tofeign  government* 
or  f«e:fen  national*  may  be  neJ;  *•*!»  with  prior  approval  cf  the  CO,  Edgewood  Arsenal, 

ATTN;  SMUEA-TSTi-T  Edgewood  Ar.enal,  Morylu,.^  2M13. 


FOREWORD 


The  work  described  in  this  re  per'  wo*  authorized  under  Task  1B52230!  A08101 , 
Oiesernination  Investigation*  of  Liquid  and  Solid  Agent*  (U).  The  work  wa*  started 
in  June  1964  and  completed  in  June  1962. 

Reproduction  of  this  document  in  whole  O'  in  part  is  prohibited  except  with 
permission  of  the  CO,  Edgewood  Atonal,  ATTN:  SMl'EA*  RPR,  Edgewoon  Arsenal, 
Maryland  21010;  however,  Defense  Documentation  Center  is  authorized  to  reproduce 
the  document  for  US  Government  proposes. 

The  information  in  this  document  has  not  been  cleared  for  release  to  the 
general  public. 


2 


DIGEST 


Tne  object  of  this  study  was  to  obtrln  basic  data  on  the  disseioina- 
tlon  of  bulk  powder  into  airborne  primary  particles  lpt  to  lOp,  in  diameter 
ReBUlta  Inmcated  chat  di»cr«Uj  partitas  are  oh—tiU.*i  initially 

suspended  agglomerates  are  shattered  by  wall  or  target  impact.  Signif¬ 
icant  reagglomeratlon  can  occur  later  because  of  triboelectrification 
and  insufficient  dilution  with  primary  air.  Modification  by  powder 
additives  proves  to  be  selective  in  weakening  contact  forces  between 
particles  and  changing  electrification. 

Seventeen  powders  and  sixteen  ad  itives  sore  selected  for  study. 
Those  had  a  wide  range  of  prop»rties-  different  sizes,  smooth  and  rough 
surfaces,  spherical  «nd  Irregular  shapes,  crystalline  and  amorphous 
structures,  organic  and  Inorganic  compositions,  and  different  dielectric 
constants.  Flowrbility,  angle  of  repose,  adhesive  force,  viscosity  of 
a  fluidized  bee.,  and  evidences  of  electric  charge  separation  were  neas* 
ured  for  various  po-ier»  and  powder-aad* tive  combinations.  Certain 
combinations,  with  the  additive  at  about  1%  concentration,  showed  marked 
changes  in  bulk  properties  a  3  improved  dissemination. 

Aerodynamic  disseminating  methods,  which  permitted  control  of 
breakup  forces  over  a  wide  range  of  values,  were  used  for  tests  of 
aerosolizabl li t y ,  Several  aosessweat  set  hols  were  evaluated,  and  a 
laminar  flow  settling  chamber  in  which  aerosol  particles  deposit  or. 
long  horizontal  plates,  was  considered  to  be  cost  applicable  for  this 
type  of  research.  Effects  of  air  velocity,  powder  to  air  ratio,  and 
flow  geometry,  were  studied,  Electrostatic  phenomena  were  observed , 
and  It  w»s  found  that  thes'  can  he  modi  fled  by  powder  treatment  and  by 
Injecting  gas  ions  along  tb  disacmlnati  \g  air. 
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I  xjrracrocTiCK 


Tbe  object  of  this  study  was  to  obtain  best  c  data  on  tbe  dlaeaai na¬ 
tion  of  bulk  powder  into  airborne  primary  particles  1m  to  10m  diameter. 

The  initial  effort  was  a  critical  review  of  the  literature,  which  has 
been  published  ("Aerosol  Dissemination  Processes  -  A  Critical  Review," 

Volume  I,  Stanford  Research  Institute  Special  Technical  Report  Mo.  2, 
Poppoff,  1969).  The  research  reported  here  t  is  baaed  on  information 
r G Cv Vv.  3d .  Tuv  rcvic.  •tcricl  ttst. 

Particles,  1m  to  10u,  adhere  firmly  to  their  neighbor?  in  the  bulk 
powder.  The  adheelon  may  be  the  result  of  any  one  or  a  combination  of 
forces  resulting  from  (l)  electroststic  attraction,  (2)  absorbed  liquid 
films,  or  (3)  van  der  Waal's  forces.  Tbe  sma i’wr  the  particles  are,  the 
greater  la  the  difficulty  of  producing  an  aerosol  of  individual  particles. 

Methods  for  making  an  aerosol  from  dry  powder  could  be  placed  in 
one  of  the  following  four  categories  in  which:  (l)  powder  is  fed  Into  the 
Intake  of  a  rotary  air  blower;  (2)  powder  is  caused  to  flow  through 
Vanturi  throats  or  capillary  tubes;  (3)  loose  or  compressed  powder  is 
exposed  to  a  sudden  burst  of  gas  with  or  without  impaction  on  a  solid 
surface;  and  (4)  loose  or  compressed  powder  Is  eroded  from  a  powder  bed 
surface  by  high  velocity  air  jets. 

In  terms  of  the  sun  ace  energy  of  the  particles,  the  power  efficiencies 
of  aerosol  devices  that  have  been  used  were  very  low,  perhaps  as  low  as 
0.001$;  however,  this  value  criterion  has  little  meaning  because  most  of 
the  energy  1*  used  for  diluting  and  transporting  the  aerosol.  At  some 
stage  between  the  time  that  the  particles  exist  as  *  bulk  powder  and 
the  time  that  tbay  are  sufficiently  dilute  to  prevent  agglomeration, 
energy  must  be  need  for  mixing  air.  The  only  concern  for  energy  is  that 
It  he  large  enough  aad  effectively  coupled  with  the  powder  mss  to  produo* 
forces  that  break  bonds  between  individual  particles. 


Comp  late  uwintot  Is  *  formidable  task;  eevsral  presentations  of 

the  practical  and  theoretical  problems  are  elves  In  tbe  literature.  Ho 
•Ingle  method  appeared  to  offer  a  complete  solution  to  tbe  oroblea. 

Considerable  effort  baa  been  devoted  to  bulk  powder  notification 
technique*.  Changen  In  tbe  proper tlea  of  bulk  powder  euch  ae  tensile 
strength,  shear  strength,  angle  of  repoae  and  flexibility  have  been 
■eaaured  In  attempts  to  corral  te  these  aeasureaents  with  improvement  in 
•erosoiizabllity;  the  assessaent  methods  used  give  data  on  the  comparative 
efficacy  of  several  aodif 1 cations .  Except  for  a  few  instances,  however, 
no  dramatic  Improvement  in  aerosollzation  occurred  as  a  result  of  powder 
modification. 

11  «w)  apt^ueuv  l*ua  the  literature  review  that  the  following  aspects 
of  powder  dissemination  should  be  included  in  this  research  program. 

a.  Use  of  a  wide  range  of  powder  types  to  obtain  data  on  the 
effect  of  chemical  composition,  particle  size,  size  dis¬ 
tribution  and  various  powder  treatments. 

b.  Convincing  demonstration  of  improved  ability  to  get  in¬ 
dividual  particles  suspended  by  treatment  of  powder  with 
additives.  Sew  observations  were  needed  to  confirm 
Intuitive  beliefs. 

c.  Development  of  a  simple  and  workable  assessment  procedure. 

d.  Employment  of  a  simplified  dissemination  system  amenable 
to  mathematical  analysis  and  capable  of  oivav-tton  over  a 
wide  range  of  energy  should  be  employed. 

e.  Observations  of  subsidiary  phenomena  and  difficulties 
that  are  encountered  during  powder  dissemination,  in¬ 
cluding  electrostatic  effects. 

f.  Identification  of  scientific  principles  controlling  tbe 
production  of  individual  peaticles  should  be  identified. 

fiasults  of  these  investigations  are  covered  in  the  body  of  this, 
report . 

Tb’rougeoui  tne  period  or  the  progiam  there  was  a  continued  search  of 
the  literature  for  any  new  and  useful  Information  bearing  on  the  conversion 
of  a  powder  to  an  aerosol  Tbe  information  was  collected,  digested  and 
organ! led .  Appendix  B  of  this  report  i#  an  expanded  list  of  references 
to  supplement  The  Critical  Review. 


ii  anoMfiY 


Powder*  buffer  markedly  la  their  behavior  in  bulk  and  the  ease  with 
which  the  Individual  particles  can  be  converted  to  an  aerosol.  A  general 
stud?  of  powder  dissemination  must  therefore  examine  many  kinds  of  powders. 

In  this  program,  seventeen  powders  and  sixteen  additives  were  used  in 
varic..*  combinations.  The  powders  had  a  wide  range  of  properties  and  the 
additives  were  used  to  modify  the  bulk  properties  and  to  improve  the  dis¬ 
semination  of  the  powder  particles. 

Flowablllty,  viscosity  in  aerated  state,  adhesion  and  angle  of  repose 
were  measured  to  characlet iz?  the  behavior  of  the  powder  and  powder- additive 
combi nations.  The  adhes.on  measurements  revealed  «aly  general  trends,  but 
tho  other  three  methods  gave  data  that,  in  general,  correlated  with  ease 
of  dissemination.  For  powders  susceptible  to  Improvement  by  use  of  an  ad¬ 
ditive,  0. 5-1.0^  hydrophobic  Philadelphia  Quartz  (PQ  2340)  grve  the  beat 
results  in  terms  of  flowablllty,  angle  of  repose,  and  reduction  of  viscos¬ 
ity  of  fluidized  powder.  Additives  in  excess  of  1.0%  were  leaa  effective 
than  the  optimum  amount.  The  effects  of  additives  are  highly  specific  to 
the  powder  and  additive  combination.  For  example,  glass  beads,  zinc-cadmi u»- 
sulflde  ..ad  saccharin  were  benefited  by  use  of  an  additive,  while  quartz  and 
aluminum  powders  were  enly  slightly  improved.  The  viscosity  of  a  fluidized 
powder  is  believed  to  most  nearly  reflect  the  properties  cf  a  pcvdei  asso¬ 
ciated  with  its  ease  o?  dissemination. 

Aerodynamic  disseminating  methods  wwre  employed  which  permitted  con¬ 
trol  of  breakup  forces  over  a  wide  range  of  yalues.  These  included  c  >  sub¬ 
jecting  a  assail  pile  of  powder  to  a  gentle  'puff**  of  air  for  low  energy 
application;,  b)  aspirating  an  air/powder  mixture  througn  straight  tubes 
over  *  range  !>f  velocities  for  soft  Impact  at  the  tube  wall;  c)  aspirating 
an  mir/powdmr  mixture  through  a  curved  tube  at  up  tw  sonic  velocity  for 
hard  impact , 
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Some  of  the  larger  sized  particles  (12-1%*)  were  almost  completely 
disseminated  at  the  lowest  energies  used.  The  small ;r  the  particle  size, 
the  greater  mas  the  difficulty  of  obtaining  conplete  dissemination.  The 
most  complete  dissemination  of  the  smaller  particles  (l~I0p)  ve«  obtained 
by  aspirating  powder  with  air  at  sonic  velocity  In  e  colled  tubo  to  in¬ 
sure  ’hard"  Impact  on  aolld  wall  surface.  Oth«r  results  were: 

a)  iTim  effect  of  additives  was  dramatic  for  some  powders  not 
only  la  Improving  flow  properties,  but  also  in  improving 
dissemination  though  the  measured  adhesive  forces  between 
particles  were  reduced  only  1/2  to  1/3  by  the  use  of  an 
additive. 

b)  Irregular  shaped  particles  disseminated  more  completely 
than  smooth  sptierlcal  particles  of  the  same  sizo. 

c)  Small  ratios  of  pcwder/air  in  ihe  tjpirsttlng  system  re¬ 
sulted  In  less  reagglowcration  following  dissemination. 

d)  Reagglomerated  aerosol*  can  result  In  agglomerates  having 
a  greater  mass  than  a  single  particle  of  the  same  material 
and  yet  have  the  same  aerodynamic  properties.  The  Implica¬ 
tion  of  this  result  is  that  control  not  elimination  of 
agglomeration  may  be  the  most  deelrable  approach  to  dis¬ 
semination  of  powders  Into  an  aerosol  with  suitable  aero¬ 
dynamic  properties. 

e)  Theoretical  considerations  are  presented  which  show  that 
impact  of  agglomerates  against  aolld  surfaces  are  a  neces¬ 
sary  feature  for  successful  pneumatic  dissemination  of 
parf'-les  in  the  l-10u  si ze  range. 

f)  The  reagglomeration  observed  could  not  be  explained  on 
the  ucsls  of  collision  and  adhesion  resulting  fro*  tur¬ 
bulent  alxlng,  but  wag  west  likely  caused  by  electrostatic 
attraction  bet..**a  particle#. 

Electrostatic  effects  -'re  observed  frequently  during  the 
course  of  dlssemlnat’^a  te*:«.  They  affected  di ssesi nat 1  on , 
caused  rwaggiomt  ration  and  costpl  l-ate  1  assessment  procedures. 
AddJtiv**  were  used  to  slier  the  charges  generated  on  powder 
particles  during  •dissemination  Injc-tlon  ?f  gas  lotus  wltn 
the  disseminating  gas  also  altered  electric  charge#  on  par¬ 
ticle#,  and  with  further  development  may  provide  a  tech¬ 
nique  for  more  efficient  dissemination. 

A  1  am i nat  flow  settling  svatem  was  developed  for  assessing  aerosols. 
This  was  used  in  conjunct  -oe  with  wlcrosc-oplc  observation  and  photographic 
recording  of  settled  part. cl  as.  Microscopic  observation  alone  did  not 


permit  distinction  between  agglomerate*  and  single  particles  of  irregular 


ehepea.  Particle*  eettled  from  air  c*a  l  a  ad  rafflclentljr  clow  to  each 
other  to  mder  uncertain  uto ether  the?  ex  la  ted  la  the  air  a«  aa  agglcm- 
•rata  or  aa  alagl*  particle#.  A  Method  of  correcting  for  this  colaclaea- 
tal  mlliiy  la  presented.  The  nee  of  Multiple  technique*  peraitted  the 
acquisition  of  data  not  obtainable  hjr  any  tingle  asaeaeMoat  Method. 


no  a^5M?ct  of  the  study  of  powder  dlsBcaisatlos  follow  in 
» r-  '  ••' s '  :--i  that  could  sot  bis  exteadod  with  benefits  resultiaf  from  sea 
jud£~:’St  saist  be  employed  to  Holt  the  amber  of  recce- 
■  fox  future  wo rk.  Any  list  will  include  seme  laditrUbsi 

.u  o-ic*---:  and  ours  are  as  follows.  One  twMMKffldatiOB  is  for  a  funda 
i:y i  ^iiidy  of  triboolectr.ii’icetion  and  the  other  pertains  to  applying 

w  ;•«>«  know  to  the  design  of  a  scaled  up  model  of  a  (Haematic  powder 

'  f,  ^0,  'L  Olt 

2  ,  Triboelectrlficatlon  of  Powder  Put  Idea 

Viie  scientific  principles  that  control  electrical  charging  of  powder 
^reticles  when  they  separate  from  each  other  or  from  solid  surfaces 
{ contact  charging  or  iriboolectrification)  have  not  been  identified. 

The  electric  charging  of  particles  is  probably  the  least  unders tood  put— 
jtuKenon  that  affects  dissemination  and  roaggl operation  of  powder  par- 
tic  lea  . 

When  the  acleatific  principles  of  triboelectric  charging  of  powder 
particles  are  understood,  it  should  be  possible  to  minimise  their  detri¬ 
mental  effects  and  perhaps  utilize  them  to  advantage.  A  fundamental 
.study  of  trihoel scarification  is  therefore  recommended. 

2 .  Development  of  a  Pnecmatlc  Powder  Disseminator 

We  have  shown  that  successful  pneumatic  dissemination  of  a  powder 
can  bo  best  accomplished  by  shattering  agglomerates  by  wall  or  target 
impact.  Eeaggloaeration  can  be  minimized,  even  with  some  elect. tm* tatic 
charging,  by  dilution  with  primary  air, 

•flic  work  conducted  In  our  program  was  designed  to  define  the  prin- 
f-jple«  o*  dissemination  without  regard  to  constructing  an  integrated 
sinaesainition  device,  the  scale  of  dissemination  was  deliberately  small 

to  accommodate  laboratory  facilities. 
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Best  Availablo  Copy 


There  era  design  proMew*  associated  with  the  development  of  larger 
scale  devices.  These  include  powder  feeding  aechaci ssu r  configuration 
of  flow  channels  and/or  anvils  to  obtain  powder  irTwc't,  Bittimtsing  power 
reouirements,  and  confining  the  ays ten  to  a  reasonable  sire  envelope, 

The  design,  construction  acd  evaluation  of  an  integrated  device  using 
what  we  now  know  for  disseminating  10  to  50  grume  of  powder  per  minute 
should  provide  useful  data  for  still  larger  devices.  The  successful  con¬ 
struction  of  a  powder  disseminator  will  make  available  useful  devices  for 
larger  scale  laboratory  and  sna*!- scale  field  test  devices  by  which  active 
chemical  agents  can  be  evaluated. 


IV  MATERIALS 


The  dry  powders  and  their  additives  used  in  this  study  are  as 
follows: 

A.  Powders 

The  powders  are  tabulated  in  Table  IY-1 ,  and  were  selected  to  have 
a  range  of  properties  such  as  smooth  and  rough  surface,  spherical  and 
irregular  shape,  crystalline  and  amorphous,  organic  and  Inorganic,  di¬ 
electric  and  non-dielectric,  etc.  Most  of  the  work  was  performed  on 
organic  powders  since  they  sinulate  many  of  the  characteristics  of 
chemical  agent".  Saccharin,  quinine  and  Microthene  were  the  most  widely 
used  of  all  the  powders  and  had  been  employed  by  other  investigators. 

The  particle  size  distributions  of  saccharin,  Micrctbene  and  quinine, 
as  received,  a re  given  in  Fig.  IV-1  and  Fig.  1V-2.  Quinine  blended  with 
1 $  PQ  2340  additive  in  an  Osterizer  Blender  was  also  used  frequently, 
and  its  particle  size  distribution  after  processing  is  given  in  Fig.  IV-3. 
In  all  the  particle  size  distributions  reported  herein,  the  sizes  were 
measured  with  an  optical  microscope,  and  in  most  cases  the  powder  was 
dispersed  on  a  microscope  slide  wivh  an  nuavrsion  oil  to  deagglomerste 
the  particles  before  sizing. 

Particle  size  distributions  for  glees  beads,  lu  to  30 p.  and  far 
aluminum  metal,  are  given  in  Figs.  IV-4  and  1V-5. 

B.  Additives 

The  addition  o.t  pewd.,*  modifying  agents,  or  additives  as  they  are 
designated  in  this  report,  was  a  dominant  powder  treatment.  A  large 
number  of  additives  were  assembled,  and  a? though  all  of  them  were  not 
used  in  thsj*  tea .3,  they  are  nevertheless  listed  for  possible  futura 
use.  The  additives  are  listed  In  Table  IV-2  and  those  additives  marked 
with  an  asterisk  were  used  in  this  program. 
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Th*  additives  listed  are  <127  powders  which  here  hewn  found  to  be 

asefal  la  mil  quantities  to  aodify  hulk  properties.  In  geserel,  the 

*1 

additives  hsd  s  pr leery  particle  size  10  to  10  tines  the  si"*  of 
the  powders  they  codified. 


Table  IY-1 

PQNWWtS  USSD  90S  7S3TIN0 


Powder 


Source 


Physical  and  Chemical 
Properties 


Aluminum  S-3 


Copper 


Glass  beads 


Microthene 

fn-sio 


Zinc  Cadmium 
Sulfide 


Irregularly 

Shaped 


Aspirin 

Black  sand 
(no.  l) 

Black  sand 
(no.  2) 

Feldspar 

Garnet  sand 

Ground  cast 
iron 


Quartz 

Quinine 

Quinine, 

treated 

Rhod aaine  B 

Saccharin 


Valley  Metallurgical  Process 
Sssex,  Connecticut 

r 

Particle  information  Source 
Los  Altos,  Calif. 

Cataphots  Corp. 

Jackson,  Miss. 

U.S.  Industrial  Chemical  Co 
Cincinnati,  Ohio 

Particle  Information  Service 
Los  Altos,  Calif. 

U.S.  Radium  Corp. 

Morristown,  New  Jersey 


Local  Drugstore 


Unspecified 


Unspecified 


United  Clay  Products 
Trenton,  New  .Versey 

Unspecified 

Unspecified 


Leterite  soil  j Unspecified 


Del  Monte  Properties 
San  Francisco,  Calif. 

Mstheson  Coleman  A  Bell 
Catalog  #6968 


Matheson  Coleman  &  Bell 
Catalog  #BU93 

Monsanto  Co. 

St.  Louis,  Missouri 


3 p  nmd;  roughly  spherical; 
electrical  conductor;  poor 
flovability. 

10-lSOu  else;  electrical 
conductor. 

2  rises:  l-30m  insulator; 
poor  flovability;  44-62|i) 
insulator;  good  flovability. 

20p  nmd;  good  insulator; 
poor  flovability. 

10-l50p  size;  electrical 
conductor 

4u  mdd;  roughly  spherical; 
poor  flovability;  fluores¬ 
cent  in  several  colors. 


Tablets  ground  and  screened 
to  (- )325  mesh. 

3  fractions:  5©-10Qp;  100- 
190u;  1SO-350U.;  free  flowing 

Number  mean  diameter,  ~37)i. 


0.5-50u;  poor  flowing; 
highly  agglomerated. 

Number  mean  diameter,  ~320p. 

Number  mean  diameter,  ~32p. 

Number  mean  diameter,  ~4p. 
(-)325  mesh;  Inorganic. 

11.0)i  nmd;  organic;  poor 
flovability. 

5.7p  nmd;  organic;  poor 
flovability;  treated  with 
1$  PQ  2340  in  Osterlser 
Blender  for  aim  alnutas. 

Fluorescent  dye,  organic. 

Number  mean  diameter ,  ~6.0p; 
organic,  poor  flovability. 
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Particle  Size,  microns 


FIG.  I V — 1  PARTICLE  SIZE  DISTRIBUTION  OF  ALUMINUM  H-3  DISPERSED  IN  OIL 
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V  PCWOEH  STDIFICATTuK  AKD  BTLK  PROPERTIES 


A.  Prepare.  I  or.  of  Fowdurs  with  Specific  "  >rtlc  1*  31?* 

Moot  of  the  powders  used  in  t***  progr**  were  obtained  in  to*  par- 
ticla  alae  desired.  However.  so*'©  powder  a  wer*.  f'  ctioaatad  into  spe¬ 
cific  si»«J  for  £  particular  expert eent .  Fractionation  o?  tho  powders 
was  alaost  always  accoapi isheci  using  a  double  disc  separator  of  ‘he  t /ye 
shown  in  f'|.  V-I.  'fbe  high  speed  { 200C  -5000  rpe)  rota',  lug  disc  e»*M»es 
the  particles  f  ros  the  feed  to  spiral  outwardly,  TIs  larger  particles 
because  of  ‘.heir  1  serf  la  accumulate  in  the  clearance  space  beta-wet,  tt.c 
casing  a the  periphery  of  the  rotating  double-di  jc  ,  ibeta  large,  par¬ 
ticles  are  removed  fro*  the  spacing  be  „  plough  and  collected  :  ,j  s  iiss 
as  yhovii  In  the  insert  to  Fig.  V-l.  The  fine  particles,  because  o .  t*":r 
saailer  tner.lai  forces,  e ■-«*  able  to  pass  through  the  gap  betw^er  tt.a 
double -diBC  and  out  to  a  cyclone  separator  where  they  arc  collected,  la© 
particle  ai~®st er  cut-  ..©  can  be  .tried  by  alteration  of  the  air  'low 
rate,  or  of  tbs  rota i.onsl  speed  of  'He  double-dl ac ,  »->-  noth.  This  tech¬ 
nique  was  used  to  '-ectionate  a  as  beads  and  quart*  powder  '  * •  c-ularlv 
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ezcns  iocs  l  heating  and  fusion  of  tb«  powder  particles.  For  wxasplw, 
o* ter i rad  for  3  alautes  continuously  Is  a  null  container  bad 
a  Icrgwr  particle-sir*  distribution  than  saccharin  ostarlzed  for  3  »  incite* 
at  one -wl  met*  intervals  In  a  largo  container.  The  additive  added  was 
always  wcu sored  on  a  weight  basis. 

C.  Procedures  for  Be tanring  tel*  Properties 

There  is  a  volwlncos  mass  of  publications  on  the  Modification  ni 
bulk  oowdrr  characteristics  with  a  variety  of  solid,  liquid  r*v  i^ei- 
tivwa.  Toe  effectiveness  of  the  powder  treatment  was  then  rwass-iret*'  <~c 
teres  of  the  particular  property  of  interest,  either  flowabfijty  «**»seivc 
force,  tensile  strength,  or  angle  of  repose,  etc.  Although  fhs  pYog^rV*- 
of  interest  in  this  progr***  was  the  aeroao Usability  of  thfe  jr-jv^or.  t 
wa3  desirable  and  often  revealing  to  learn  about  bulk  proper c iso- of  fc* 
pcwder  other  than  its  earosoli lability, 

1.  Flo-rcbility 

Finely  divided  powders  less  than  20  alcrons  often  act  sticky.  Thsy 
adhere  to  each  other  and  to  other  thingr.  5o*e  powders  are  m  sticky 
rhey  block  apertures  when  attempts  are  asde  to  transfer  thea  iron  ons 
container  to  another  or  to  meter  their  flow  into  disseminating  equipment, 
Yet,  in  most  practical  applications  of  pneusatic  dissemination,  the  powder 
Must  s>ffi«i.'>w  be  transferred  from  the  container  to  the  disseminating  source. 
There foi  unless  the  powder  is  already  free -flowing,  the  powder  must  be 
treated  or  aci/ified  to  flow,  and  means  must  be  available  to  control  ari 
measure  this  flow. 


The  first  ■aeaaureHaut  of  "f lowsbiiity"  was  mad*  with  a  readily 
available  powder  feeder  device  usad  ir  Meironica1  Aerosol  Genera  tox-E. 

The  powder  feeder,  Fig.  V-2,  is  a  hopper  with  a  notched  wheel  st  the 
bottom.  As  to*  wheol  rotates,  the  powder  fills  into  f-ho  notches  sad 
then  drop?  out  on  the  underdid*  uf  the  hopper.  The  delivery  rate  is 
regulated  by  the  speed  of  rotation,  the  deepness  of  the  notches,  fad  the 
number  of  notches,  Tfc*  weight  of  powder  delivered  ir  a  designated  time 
interval  ia  wiuurs  of  f Iowa hi  1  tty. 
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2-  of  Bepose 

Another  measurement  of  balk  properties  Is  the  angle  formed  by  a 
powder  wh*n  it  flows  through  an  aperture  ( tba  angle  of  internal  friction) 
or  the  angle  eabaoq  mtiy  formed  by  a  pile  of  the  powder  beneath  the 
opening  ( the  angle  of  repose) .  Figure  V-3  illustrates  the  difference 
between  these  two  angles.  In  their  discussion  on  powder  rheology,  Zen* 
and  Otfaner  ( I960)  and  Crosby  { I960)  consider  the  angle  of  internal  fric¬ 
tion  as  probably  the  most  taper tent  and  fundamental  property  of  a  powder, 
despite  the  fact  that  it  is  not  commonly  measured.  The  simplest  method 
of  determining  the  angle  of  internal  friction  is  as  follows: 

A  narrow,  deep  rectangular  trough,  shown  in  Fig.  V-4,  fabricated 
from  clear  plastic,  with  a  small,  stoppered  hole  at  the  bottom  of  the 
trough,  was  used  for  measurement .  With  the  hr  Is  closed,  powder  is  evenly 
and  gently  poured  Into  the  trough  up  to  a  designated  level,  after  which 
the  hole  is  opened  and  the  powder  allowed  to  flow  out.  The  angle  sub¬ 
tended  by  the  stationary  solid  inside  the  trough  and  the  horizontal  is 
the  angle  of  internal  friction.  However,  with  certain  powders,  another 
angle,  the  angle  of  repose,  is  also  formed,  kith  free-flow  powders,  the 
two  are  identical,  but  with  powders  that  do  not  flow  as  freely,  there  is 
a  difference. 

Attempts  to  use  this  method  to  measure  ’sticky"  powders  were  not 
too  successful,  because  th©  powder  did  not  flow  out  of  the  hole.  Ihere- 
fore,  the  range  of  method  was  limited  and  often  did  not  apply  to  powders, 
such  as  untreated  saccharin  and  Micro  ene.  It  was  found,  however,  that 
if  the  hole  was  left  open  while  the  trough  was  being  filled,  the  powder 
would  flow  out,  even  with  a  sticky  powder,  to  give  &  characteristic  angle. 

A  review  of  the  literature  revealed  various  definitions  for  this 
particular  angular  property,  but  since  the  technique  la  similar  to  build¬ 
ing  up  a  pile  of  powder,  it  was  designated  as  the  angle  of  repose  rather 
than  the  angle  of  Interna]  friction. 

Measurement  of  free-flowing  powders  with  +his  technique  had  a  repro¬ 
ducibility  within  *2°,  With  sticky  powers,  th#  reproducibility  decreased, 
and  the  procedure  became  sensitive  to  the  means  by  which  the  powder  was 
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FIG.  V-3  DIFFERENCE  BETWEEN  ANGLE  OF  INTERNAL  FRICTION 
AND  ANGLE  OF  REPOSE  ACCORDING  TO  ZENZ 
AND  OTHMER5:  a  -  ANGLE  OF  INTERNAL  FRACTION 
AND  p  -  ANGLE  OF  REPOSE 
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FIG.  V-4  APPARATUS  FOR  MEASURING  THE  ANGIE  OF  REPOSE 
OF  POWDERS 


'  i 


loaded  into  the  trough.  A  vibratory  feeder  was  found  to  be  the  most 
aul table  means  for  feeding  the  powder  into  the  trough,  because  it  avoided 
undue  compaction  of  the  powder. 

3.  Adbeaivv  Force 

The  technique  of  Creaer  et  al.  (1952)  h«a  oeen  the  most  commonly 
used  Method  for  Measuring  the  adhesive  force  of  a  bulk  powder.  It  has 
been  used  by  Baerns  (1966),  Nash  et  al.  (1963),  Orr  et  al.  (1957),  Patat 
and  Schmid  (I960),  and  Whitnah  (1965)  for  Measuring  a  variety  of  differ¬ 
ent  powders,  Orr  et  el.  (1957)  found  the  results  to  be  too  widely  scat¬ 
tered  to  be  of  any  value,  but  Baerns  (1966)  obtained  consistent  results 
with  the  technique.  Others  obtained  fair  to  good  results.  In  the  main, 
the  technique  car  be  used  to  establish  a  trend,  although  at  times,  an 
Indefinite  one. 

The  method  involved  tilting  a  plate  containing  powder  and  measuring 
the  angle  at  which  the  powder  slid  off  as  a  bulk  due  to  the  force  of  grav¬ 
ity.  Figure  V-5  Illustrates  the  apparatus  with  a  bed  of  powder  sliding 
down  the  plate.  To  avoid  sliding  between  the  particles  and  the  plate,  a 
Multilayer  of  particles  was  first  glued  to  the  surface  of  the  plate.  The 
bed  of  powder  measured  8.8  cm  by  6.3  cm,  and  it  could  be  packed  up  to  a 
height  of  2.5  c».  Following  the  recommendation  given  by  Corn  (1961),  a 
contact  time  of  five  minutes  was  allowed  for  the  powder  bed  to  become 
equilibrated  with  the  permanently  fixed  layer  of  powder.  After  carefully 
leveling  the  powder  bed,  the  plate  was  gently  vibrated  to  insure  uni¬ 
formity  of  contact  and  packing  of  the  bed.  Then  the  plate  was  tilted  at 

'i 

approximately  1.5  degroes/sec  until  the  bed  sheared  and  slid  from  the 
plate. 

Tile  relationship  among  the  angle  slide,  0,  the  adhesive  force  F 
of  the  powder  bed,  and  the  interparticle  friction  coefficient,  u.  is 
given  by  the  equation: 

ag  sin  9  =>  p  sg  cos  B  *  Y , 

whe^-e  a  is  the  velght  of  the  powder  bed  and  g  is  the  gravitational  con¬ 
stant.  By  repenting  the  measurements  for  different  weights  of  ma'-rlal 
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und  o lotting  mg  sin  9  versus  mg  cos  9  on  Cartesian  coordinates,  u  Is 
obtained  from  the  slop©  of  the  line  and  F  Iron  the  Intercept  of  the  ordi~ 
ofito  To  determine  the  ieterparticl©  adhesive  force,  the  adhesive  force 
of  the  powder  bed,  F,  must  be  divided  by  the  number  of  lnterpartlcle  con¬ 
tacts  between  the  bed  and  the  fixed  layer  of  particles.  This  number  can 
bo  approximated  by  dividing  the  area  of  contact  by  the  square  of  the  mean 
particle  diameter. 


To  test  the  -reproducibility  of  the  procedure,  measurements  of  four 
lr.orgf.nlc  powders,  black  sand,  garnet  sand,  laterlte  soil,  and  cast-iron 
powder  were  made.  These  results,  plotted  In  Fig.  V-6,  gave  fair  results. 
Cast-iron  powder,  probably  because  of  its  small  particle  sixes,  gave  the 
highest  adhesive  force.  Both  the  garnet  and  black  sand  gave  low  adhesive 
forces  and  the  laterlte  soil  gave  Intermediate  results. 


4 .  Viscosity  of  Aerated  Powders 

In  Quarterly  Report  No.  6  (Poppoff,  19S5d),  the  overall  aeroscllza- 
tion  process  was  described  as  one  In  which  the  Individual  particles  are 
separated  and  the  air  is  placed  around  each  particle  to  create  a  two- 
phase  system  (solid  and  air)  with  the  desired  ratio  of  phaaas.  The  pro¬ 
cess  can  be  visualized  as  occurring  in  stages,  as  follows* 

Stage  I  Breaking  of  bonds  between  particles 

Stage  II  Separation  of  particles  to  an  aerated  mass 

Stage  III  Conversion  of  the  aerated  paTtlde-alr  mass  to  an 
aerosol  of  some  desired  dilution. 

The  transformation  from  one  stage  to  another  occurs  without  sharp 
boundaries  or  definitions.  Nevertheless,  a  break  does  occur,  and  It  was 
proposed  that  this  break  might  be  defined  as  the  break-point  in  a  curve 
In  which  the  viscosity  of  a  powder-air  mixture  Is  plotted  against  the 
©mount  of  aeration  applied  tc  the  powder.  An  Ideal  curve  would  be  like 


the  or.©  shown  below. 


‘  1 1— ,  ^ 


PowWor  Viscosity 
vs. 

A*  ration 


Incrsssmg  Aorallon  of  Powilsr 
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I-,  v-  >  Af;n£SIVf  FORCE  MEASUREMENT  OF  SEVERAL  INORGANIC  POWDERS 
V/;  ;i  the  TILitHG  TABLE  APPARATUS 
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The  vfacosi ty  of  the  bulk  powder  ;*roj's  rapidly  at  tins  beginning  of 

i,o  aeration  until  it  reaches  tae  break-point  between  Stage  II  and 
*  -  :»og  til  (conversion  of  the  aerated  powder  mass  to  an  aerosol).  After 
ibat  point  t'k'e  viscosity  retrains  more  or  less  constant. 

This  formation  of  an  aerosol  free  a  bulk  powder  by  applying  air  nay 
he  likened  to  stirring  into  suspension  a  friable  solid  that  converts  to 
a  viscous  fluid  which  eventually  acquires  the  viscosity  of  the  fluid. 

First  the  shear  stress  applied  by  the  fluid  must  be  sufficient  to  over¬ 
come  the  yield-point  of  the  plastic  stress,  then  the  shear  stress  must 
disrupt  the  viscous  partially  aerated  powder  and  finally  sstxlng  ®ust 
proceed  fro  equilibrium.. 

To  investigate  this  concept,  a  general  purpose  Stormer  Viscosimeter 
of  the  type  shorn  in  Fig.  Vf-7  was  employed  for  measuring  the  viscosity 
of  aerated  powdern.  The  system  was  patterned  after  that  used  by  Hathe&on 
el  al.  (1949)  in  their  study  of  the  characteristics  of  fluid-solid  systems. 
The  dimensions  of  the  powder  column  and  the  stirring  paddle  are  given  ia 
Fig.  V~8.  The  powder  to  be  cested  was  added  to  the  aerating  chanoer 
(fluid  bed)  until  it  completely  covered  the  stirring  paddle.  The  flow 
of  air  through  the  porous  plate  and  Into  the  powder  bed  was  adjusted  to 
provide  fluidization  of  the  powder.  Weight  ia  5  gram  increments  was 
placed  on  the  pulley  so  that  10-20  seconds  were  required  i’or  the  paddle 
to  make  100  revolutions.  Thr  air  flow  was  reduced  and  the  time  required 
for  100  revolutions  was  recorded.  This  procedure  was  followed  at  suc¬ 
cessively  lower  air  rates  until  flow  wrs  reached  at  which  the  paddle 
would  not  turn.  The  measurements  were  repeated  ot  increasing  air  flow 
end  the  average  of  the  two  measurements  was  taken  as  the  time  required 
for  loo  revolutions  nt  the  designated  air  flow. 

The  above  time  can  be  translated  ipto  absolute  units  by  making  time 
seasureasentfl  on  solutions  of  known  viscosities  cs  follows:  The  porous 
plate  was  removed  and  replaced  by  a  flat  flange 4  Glycerol  solutions  in 
coocent rations  varying  from  0  -  lOOjt  were  prepared  and  the  time  required 
for  too  revolutions  was  recorded  for  driving  weights  of  1.  5,  10,  25, 

40,  »nd  50  loads.  A  family  of  curve#  was  obtained  in  which  the 

urns  required  for  100  revolutions  was  plotted  against  viscosity  for  the 
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V 7  STQRMEf?  VISCOSIMETER  APPARATUS  WITH  POWDER  COLUMN  FOR  MEASURING 

VISCOSITY  OF  GAS-SOLID  SYSTEM 
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FUJiD  8ED  USED  f-OR  MEASURING  ViS“0$lTY  OF  GAS- 

SOLID  SYSTEM 


•  ar;.--u*  driving  weight*.  A  typical  Jwtl'.y  of  mSitettlM  aTromi 

i,j  '.  »„ .  v-s  is  obtained.  Therefore,  a  speci  fic  time  cad  driving  Might 

»i  U  correspond  to  &  specific  viscosity. 

$ii~.  •««*•>■  *eauure^eftts  with  the  viscosimeter  were  uade  on  three 
fractions  of  black  a  and.  the  fractions  *  obtained  by  screening,  were 
ia  tuCsj.,  iOO-lSGu  and  i5G-350p..  the  results  are  plotted  In  Fig.  V-10  end 
tr>"jy  show  that  th®  break-point  was  easily  defined* 

V.  Effect  of  Powder  Modification  on  3ulk  Properties 

As  i voted  in  the  critical  review ,  the  use  of  dry  additive*  for  modi¬ 
fying  hulk  properties  of  powders  1#  practiced  extensively,  primarily  be¬ 
cause  the  additives  can  be  incorporated  into  the  powder  very  simply.  At 
the  present  state-of-the-art,  additives  still  remain  as  the  predominant 
means  for  modifying  the  physical  properties  of  a  powder  without  altering 
its  size  or  chemical  properties.  Additives  were  used  widely  in  this 
program,  and  It  was  obvious  that  they  can  bring  about  useful  change  in 
the  milk  properties  of  the  powder. 

1 .  Flowablllty 

Testa  on  the  effects  of  differsnt  addltlvss  on  the  flowablllty  cf 
zinc  c  edmiua  sulfide  powders  ware  made.  These  powders  were  chosen  be¬ 
cause  in  the  untreated  state  thoy  are  sticky  and  did  not  flow  easily. 

The  flowablllty  testa  were  performed  with  a  notched  wheel-hopper  com¬ 
bination  described  earlier. 

Approximately  twenty  additives  were  evaluated.  The  various  additives 
used  and  their  effects  are  shown  in  Tables  V-l  and  V-2.  The  results  re¬ 
flect  not  only  the  ease  with  which  the  toothed  wheel  was  filled  sad  emp¬ 
tied,  but  also  changes  in  the  bulk  density  as  may  be  in financed  by  the 
Mddltive.  The  results  showed  that  some  additives  strongly  altsred  the 
Ho-tv  properties  while  others  did  not.  There  is,  however,  a  definite 
trend.  The  additives  which  caused  the  greatest  change  in  the  powders 
h»d  thr*»  characteristics  in  common:  their  particle  sixes  are  In  the 
mittiestertm  wive  range;  they  have  hydrophobic  surfaces,  and  they  b»ve 
high  welting  points. 
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Viteosily  tn  CirMpobts 

CURVES  FOR  CONVERTING  TIME  AND  DRIVING 


Vi<.CO$!tV  Of  THREE  FRACTIONS  Of  SLACK  SAND  ILLUSTRATING  THE  BREAK  POINT 
>.N  A  GAS-SOU. 0  MIXTURE 


Tttfcl*  V-l 


MEAStaffilfOT  OF  FLOWABILITY  OF  ZIHC  CADMIUM  80LFISE* 
WISH  THE  SOTCKEx)  -WHEEL  POWBE8  FF8DO.  SERIES  #1. 


Additive 

Concen¬ 

tration 

.  .  . 

Feed'*’  Sate 
( g»/ain) 

t  Increase  Over  So 
Additive  Powder 

iifoiu 

3.3 

Valron  Estersll 

i/4 

6.0 

s  4 

Valron  Es  >rsil 

•>/4 

6.4 

94 1 

Valron  Estersll 

4 

6.8 

io  4 

Hydrophobic  Silica  QS 

i/4 

6.4 

94$ 

Bayttal 

5$ 

5,2 

sit 

Cab-0~Sil  M-5 

it 

4.4 

3  4 

Cab-O-SU  H-S 

it 

4.8 

4  4 

Cab-O-Sil  H-5 

i- 1/4 

-1.6 

39$ 

Organ-O-Sil 

i  ./"I 

7.2 

u4 

Sartocel  Z 

it 

4.2 

27$ 

Quao  F-22 

i/4 

5.2 

57$ 

Quso  F~2 2 

-<2 

5.6 

#U7» 

£>  1  .Is  110 

it 

3  *9 

18$ 

Mfig'>*5Sol 

4 

3.8 

; 

15$ 

*  liuorescent  powder  #MLS-170  zinc  cacteiuo!  sulfide  was  employed  as 
the  untreated  ."Merlal. 


t  The  feed  mechanism  was  Me  ironies  Associates  Model  III  B-3, 
Serial  #10,  operated  at  13  volts. 


Table  V-2 


mmstsmn  or  flowsiutt  op  zinc  cadwuk  suicide* 

WITS  TEE  N0TC2RD-WHXEL  P09DBS  KKXBXH.  SS8TSS  #2. 


- — - - — — - 

Additive 

Concen¬ 

tration 

-  — — —  ^ 

Feed*  Bate 
( gm/aln) 

$  Increase  Over  ho 
Additive  Powder 

None 

— 

3.9 

— 

Hydrophobic  Silica  GS 

1/2$ 

9.8 

151$ 

Grgan~0-Sil 

1/2$ 

9.2 

136$ 

PQ  2340 

1/2$ 

8.9 

128$ 

FQ  2326 

1/2$ 

8.2 

110$ 

2-2  Carbon  Black 

1/2$ 

7,7 

98$ 

2-4  Carbon  Black 

1/2$ 

8,0 

105$ 

2-6  Carbon  Black 

1/2$ 

8.8 

126$ 

Kp.  op  ho  be 

1/2$ 

_ 

6.5 

. 

67$ 

*  Fluorescent  powder  #MLS-218  zinc  cadmium  sulfide  was  used  as  the 
untreated  material , 


t  The  feed  mechanism  was  Metronics  Associates  Jscdel  III  E-3, 

Serial  #10,  operated  at  15  volts. 

It  was  desirable  to  determine  the  concentration  of  additive  which 
would  impart  the  maximum  fiowability.  Using  Hydrophobic  Silica  GS  39 
the  additive,  mixtures  containing  0,2$,  ..,5$,  1,0$,  2.0$  and  5,0$  by 
weight  additive  were  tested.  The  results,  plotted  in  r'ig.  V-ll,  showed 
that  there  is  ar.  optimum  concentration,  and  this  optimum  is  around  0.5$ 
Later  the  bulk  densities  of  these  zinc-radmiuf  sulCiti-  mixtures  wore 
measured,  and  it  was  found  that  the  density  cu-'-'e  closely  followed  the 
feed  rate  curve.  Consequently,  because  of  the  method  of  .assessing  flow- 
ability,  the  changes  in  the  feed  rate  observed  in  seeking  optimum  additive 
concentrations  way  have  been  due  in  part  to  changes  in  tha  bulk  density, 
and  changes  in  the  fiowability  of  the  powder.  For  ‘Ms  reason,  measure¬ 
ment  e  t i owe hi 1 i ty  with  the  notched -wheel  hopper  woe  d i scon 1 1 nuvd . 


Aaglss  of  Repos* 

— .1— ^L.  r  -|- —arii -i  b  11^1%-,  hi  in  i  ^  L 


a.  Gift a a  beads 

Aiifcie  of  repose  measurements  on  44-62ji  fleas  beads  and  1  -30p- 
tUsa  beads  treated  with  various  percentages  of  Cab-O-Sil  are  shown  in 
Fig  v -12.  Ths  effect  of  tbo  silica  additive  on  44-62p  glass  beads  was 
su-;'ii£ibl.e  ivi  lha  range  0$  to  3$  additive;  at  excessively  large  additive 
craceut ration,  the  angle  of  repose  Increased  slightly.  In  comparison 
1-atH*  glaas  beads  we re  influenced  markedly  by  the  silica  additive.  The 
angle  of  repose  decreased  steadily  from  68°  without  additive, to  33°  with 
Ft  addlt.ve.  Again  at  larger  concentration*:  of  additives  the  angle  of 
repose  increased , 

b.  Microtheao 

Curves  for  the  angle  of  repose  for  lilcrothene  treated  with 
Cab-O-Sil  U-5  and  PQ  2340  are  shown  in  Fig.  V-13.  Both  additives  showed 
a  marked  effect  on  the  angle  of  repose,  and  both  showed  an  optimum  con¬ 
centration  of  approximately  1.0 Although  PQ  2340  gave  a  smaller  angle 
at  the  optimum  concentration,  the  difference  between  the  two  additives 
was  plight.  Again  at  high  additive  concentration,  the  angles  of  repose 
increase,  indicating  that  the  frictional  and/or  adhesive  forces  between 
particles  increased  when  excessive  amounts  of  additive  were  present. 

c.  Saccharin 

Angle  of  repose  measurement  for  saccharin  treated  with  various 
percentages  of  PQ  2340  silica  is  shown  In  Fig.  V-14.  The  optimum  con¬ 
centration  of  additive  is  approximately  0.7^.  The  angle  starts  to  In¬ 
crease  at  excessive  additive  concentration  as  was  the  experience  with 
glass  beads  and  Micro thene. 

The  most  obvious  conclusion  from  this  series  of  tests  Is  that 
there  la  an  optimum  concentration  of  additive  for  a  given  powder.  At 
.  centratlons  greater  than  and/or  less  than  the  optimum,  the  angle  of 
yr pose  increases,  indicating  that  the  frictional  and/or  adhesive  forces 
<>f  uu>  bulk  powder  have  increased.  Thus,  these  angles  of  repose  mea- 
Muremente  support  a  conclusion  suggested  by  the  flowability  testa. 
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c -  Sf fectiye?,eag _  of JHf fereat  Add*  tivea 

Th*  vaults  of  the  bulk  properties  measurements  iodtoatfd  thet 
.  -  1 .  ?*  rf  wad  t?i®  simplest  and  the  n»i  »{voduolbl4  Mann* 

s  ,  :.,;*ke,  Consequently  this  procedure  was  employed  to  explore  the 
of  feet  of  dl i fsrent  additive?*  on  powder  behavior. 

?jv  the  first  aeries  of  testa,  tea  different  silica  additives, 

;  lightly  different  properties,  were  added  to  saccharin  in  1$  qu*u~ 

■i, in--  mid  the  mixtures  tested,  the  results  are  shown  in  Fig.  V-15. 

It  la  soon  thut  all  the  hydrophobic  coated  additives  produced  a  lower 
aegis  oi  repose  than  any  of  th©  non-hydrophobic  ones.  The  averaged 
a«gie  of  repose  for  hydropl.obic  additives  was  47.8°  with  a  standard 
deviation  of  ±5.4.  For  the  non-hydrophobic  additives,  the  average  was 
59,6  3,4  \  The  obvious  conclusion  from  these  teste  was  that  a  good 

powder  flow  additive  for  saccharin  aust  have  a  hydrophobic  coating.  It 
should  -m  noted  that  in  the  floweblllty  tests  with  sine  cadmium  sulfide 
(on  inorganic  powder),  the  additives  which  produced  the  flow  also 

had  hydrophobic  coatings, 

in  the  second  series  of  tests,  ft  was  decided  to  expand  the 
effect  of  dif'srent  additives  by  interchanging  four  base  powder  and  four 
».d ditiV„s,  each  with  widely  different  physical  and  chemical  properties. 

The  powders  were*  ( l)  Saccharin,  3  to  4 On,  irregularly  shaped, 
organic,  crystalline,  soft.  (2)  Glass  beads,  1  to  3 Op,  spherical,  in- 
irffsnic.  noncrystalllne,  hard.  (3)  Quarts,  l-40q,  irregularly  shaped, 
inorganic,  crystalline,  hard.  (4)  Aluminum,  astd  *  3a,  semi -spherics! , 

uatai  He,  electrical iy  conducting. 

Tire  additives  were:  (1)  PQ  2340,  0.02p,  hydrophobic  silica, 
•.luorphoua.  (2)  Cab-O-Sii .  O.C2p,  nan-hydrophobic,  (3)  Magnesia,  O.GSt*, 

;  hydrophobic,  crystalline  (4)  Carbon  Slack,  0.015p,  hydrophe bic , 

.  *  mu ,  conduct! »g , 
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Table  V-3  ’ 

I 

EFFECT  OF  ADDITIVES  ON  ANGLE  OF  REPOSE  f 


Powder 

Addi tive 

Angie  of  Repose 

Saccharin 

none 

72° 

PQ  2340 

46° 

Cab-O-Sil 

59° 

Magnesia 

63° 

Carbon  Black 

58° 

Glass  Beads 

none 

68° 

PQ  2340 

29° 

Cab-O-Sil 

35° 

Magnesia 

33° 

Carbon  EPnrt 

'lA0 

Quartz 

none 

85° 

PQ  2340 

r,8° 

Cab-O-Sil 

O 

O 

I'- 

Magnesia 

plugs  up 

Carbon  Black 

plugs  up 

Aluminum 

none 

plugs  up 

PQ  2340 

plugs  up 

Cab-O-Sil 

plugs  up 

Magnesia 

plugs  up 

Carbon  Black 

plugs  up 

Hie  trends  are  easier  to  see  when  presented  in  the  following  way. 


CHANGE  IN  ANGLE  OF  REPOSE 
(+  increase,  -  decrease) 


Additive 

Powder  _ 

PQ  2340 

— 

Cab-O-Sil 

Magnesia 

Carbon  Black 

Saccharin 

-26 

-13 

-  9 

-14 

Glass  Beads 

-39 

-33 

-33 

-34 

Quartz 

-17 

-  5 

+  5 

5 

Aluminum 

0 

0 

0 

0 

_ 

Aluminum  was  unaffected  by  any  of  the  additives.  Quartz  showed 
slight  changes;  it  was  adversely  affected  by  *he  magnesia  and  carbon  Mack, 
but  the  two  silicas,  PQ  2340  and  Cab-0  Si  1 ,  produced  a  oositive  effect  by 
lowering  the  angle  of  repose.  All  four  additives  improved  the  flow  of 


6] 


ftlar«s  needs  substantial!,,'.  The  effect  of  the  addl  live*  on  saccharin  was 
more  selective;  the  PQ  2340  j  she  moot  beneficial,  the  magnesia  was  the 
least.  Overall  the  PQ  2340  produced  the  largest  reduction  in  the  angle 
of  repose  of  the  powders  tested. 

3.  Adhesive  Force  of  Powders 

a ,  Mlcrothene 

The  results  of  adhesive  force  measurements  with  untreated  and 

treated  (with  PQ  2340)  Microthene  are  shown  in  Fig,  V-16.  It  can  be  seen 

that  the  adhesive  forces  (intercepts  on  the  ordinate)  of  untieated  and 

0.1$  treated  Microthene  have  higher  adhesive  forces  than  the  1.0$  and 

the  5,0$  treated  powder.  The  calculated  interparti cle  adhesive  forces 

-4  -4 

of  the  powder  mixtures  were  5.4  X  10  dynes,  7.0  y  ■>o  dynes, 

-4  -4 

2.4  X  10  dynes,  and  2,2  X  10  dynes,  respectively.  Therefore  in 
a  very  general  sense  the  effect  of  the  hydrophobic  silica  additive  was 
to  reduce  the  calculated  force  between  the  particles  by  factors  of  from 
1/2  to  1/3. 


b.  Saccharin 

Measurements  of  adhesive  forces  for  saccharin  powder,  treated 
with  0$,  0.5$,  1.0$  and  5.0$  PQ  2340  are  plotted  in  Fig.  V-17,  The  re¬ 
sults  were  uoi  reproducible  as  three  determinations  of  the  1.0$  treated 

saccharin  gave  widely  different  curves. 

t 

Further  e.^erimcr.to'.fon  with  the  powders  was  made  in  an  attempt 
to  impro.e  the  technique,  but  it  was  finally  concluded  that  this  method 
for  measurements  on  these  matezials  was  too  erratic  to  nroduce  trood  results. 
At  pest,  it  can  only  yield  general  trends. 

c .  Individual  Particles 

Although  the  measurements  of  adhesive  force  of  bulk  powder  did 
not  reveal  any  definite  trends,  they  did  suggest  that  the  additives  were 
effective  in  reducing  the  adhesiveness  between  particles.  To  supplement 
the  above  tests,  a  simple  procedure,  previously  employed  by  Beil  by  (1921), 
was  used  to  measure  the  adnesi veness  of  individual  particles  to  a  glass 
sur^ce.  His  procedure  was  to  drop  onto  a  microscope  slide  mix*/  sires 


F  G.  V— 17  ADHESIVE  FORCE  MEASUREMENTS  OF  SACCHARIN,  TREATED  AND  UNTREATED 
USING  THE  riLTING  TABLE  METHOD 


•  :>  .  •  *■ ::  :!i.  <•  '  he  I  *  -  ges  l  P<‘  \  .■  1  particle 

t  he  toj-cf'  i.i  gravity  by  the  g  i  ass-meta  1 
of  rr,ni:ii;i  ,  he  could  then  calculate  i  he 

adhesive  for  e  per  nit  area, 

Bellby's  measurements  were  reputed  icing  spherical  powders  "as 
received"  ann  powders  which  had  been  coated  with  one  of  the  currently 
used  additive  agents  to  determine  if  there  was  a  change  in  the  adhesive 
force  due  *c  the  additive.  Tests  were  made  with  metal  spheres:  copper, 
5-150  microns;  stainless  steel,  5-150  microns;  glass  beads,  1-50  microns; 
and  Microthene  1-30  microns.  The  additive  used  was  5$  PQ  2340.  The 
following  observations  were  made-. 

1)  The  metal  spheres  as  received  showed  no  agglomera.tion  and 
th«  largest  single  particle  adhering  to  the  glass  was  ap¬ 
proximately  3.5  microns  diameter. 

2)  The  silica  additive  increased  the  agglomeration  tendency 
for  metal  spheres  so  that,  agglomerates  Jn  the  ranee  50-75 
microns  were  seen.  Some  tendency  to  form  chain- like  ag¬ 
glomerates  was  observed.  However,  these  agglomerates  were 
weak  and  would  disintegrate  when  the  glass  slide  was  tapped, 

3)  The  presence  of  the  additive  did  not  cause  a  significant 
change  in  the  size  of  metal  spheres  that  would  support  their 

- •  fuaw  1 -  -  ’*  -  * 

-jy  ouiwar'u, 

4)  The  glass  bead  and  Microthene  spheres  as  received  were 
highly  agglomerated,  particularly  the  latter  ones.  The 
largest  glass  bead  agglomerate  adhering  to  the  glass  was 
approximately  200  microns  in  diameter,  and  the  largest 
Microthene  agglomerate  was  about  600  microns. 

5)  The  silica  additive  decreased  the  agglomeration  tendency 
for  glass  and  Microthene  spheres  drastically,  reducing  the 
agglomerates  to  approximately  75  rn.it  ons. 

6)  The  untreated  glass  and  Microthene  spheres  adhered  firmly 
tc  the  glass  and  showed  uc  motion  under  the  microscope  when 
the  glass  slide  was  lightly  tapped.  But  the  treated  spheres 
would  readily  slip  over  the  surface  of  the  glass  slide  on 
tpoping  end  agglomerates  would  form  and  disintegrate  with 

t  istlnuous  tapping. 

The  original  purpose  of  the  test,  detecting  changes  in  the  normal 
contact  force  between  glass  and  primary  particles,  was  observed  by  the 
complex  forces  between  particles  in  agglomerates.  flic  re  was  no  effect  of 


t  h  ft  t  *  i  Vt  i  1  r  $>  ?  ;j  i  r.<*  *i  ^  ><  \  n.S  ■ 
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additive  In  ♦ho  case  of  metal  spheres;  n  single  norma!  contact  force  could 
not  be  measured  In  the  case  of  glass  b  ■'.is  anti  Mierothene  Spheres.  However, 
in  the  a gg fewer'  t-3  cases,  the  shear  fcrce  for  sideways  movement  was  certainl 
lowered  by  additives. 

4 .  Viscosity  of  Aerated  Powders 

Measurements  with  the  Stormer  Viscosimeter  were  made  on  glass  beads, 
saccharin,  and  Microthene, 

a •  Glass  Beads 

Glass  beads,  44-62p,  were  used  for  the  viscosimetric  measurements. 
The  shape  of  the  curve  thr -  is  obtained  by  plotting  the  number  of  revolu¬ 
tions  per  second  of  the  paddle  of  a  <’torme”  viscosimeter  against  the  mass 
used  to  drive  the  rotor  indicates  the  type  of  viscosity  exhibited  by  the 
medium  being  investigated.  Figure  V-18  reveals  the  results  of  such  mea¬ 
surements  with  44-62p  diameter  glass  beads.  A  family  of  curves  is  obtained, 
each  one  representing  a  different  rate  of  aeration.  Plotted  on  the  same 
coordinates  is  the  viscosity  of  glycerine  (1167  centipoises)  obtained  with 
the  same  viscosimeter.  Glycerine  has  true  Newtonian  flow.  The  rate  of 
?hear  starts  fro-,  zero  and  increases  at  a  constant  rate  as  the  stress  in¬ 
creases.  The  rate  of  id.«p«.r-s  tress  curve  therefore  is  a  straight  line. 

The  shape  of  the  curves  obtained  for  aerated  glass  beads  are  those  charac¬ 
teristic  of  a  dilatant  fluid.  In  thi;,  case,  the  apparent  viscosity  in¬ 
creased  with  increasing  rate  of  shear.  From  the  trend  of  curves,  It  ap¬ 
pears  that  the  aerated  powders  become  less  dilatant  as  the  amount  of 
aeration  Is  increased. 

Figure  V-19  is  a  comparison  between  untreated  and  treated  glass 
b»ads ,  s4-62y,  diameter.  Measurements  were  made  for  three  different  rotor 
weights;  50  gras ,  25  gins ,  and  10  gms .  It  tg  seen  that  there  is  little 
difference  between  the  two  samples,  therefore  the  eftect  of  the  additives 
was  negligible  on  beads  of  this  size.  This  confirms  the  results  obtained 
with  the  angle  of  repose  measurements,  in  which  little  effects  were  ob¬ 
served  by  the  addition  of  the  additives  on  44-62u  glass  beads. 
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Viscosity  in  Centi poises 


'■  •  •  •  wi th  Mlcrothene  treated  with  various  percentages  of  PQ  2.>40 
ii«_  >3g,  v-2o.  even  a  saali  addition,  such  as  0.1%,  was 
•  i  c-ii*..  io  c a  redact  ion  in  the  viscosity  measurements.  Further  add!- 
ns  j ,  1.0%  and  5.0$,  produced  mixtures  which  behaved  nearly  the  same, 

•  both  reduced  the  viscosity  to  approximately  20  ce&tlpoices  at  on  air/ 
powder  volume  ratio  oi  15.  Titus  the  PQ  2340  additive  caused  the  Microthene 
fcc> '  become  extremely  fluid. 

c .  Saccharin 

Untreated  saccharin  and  saccharin  treated  with  1$  PQ  2340  also 
gave  sharply  contrasting  results,  as  shown  in  Fig.  V-21.  The  untreated 
a  ccharin  exhibited  a  very  high  viscosity  and  had  a  break-point  at  a  high 
a  1 r/powder  ratio.  On  the  other  hand,  the  treated  saccharin  was  very  fluid, 
exhibiting  a  low  viscosity  and  a  low  air/powder  ratio. 

It  would  seem  that  the  same  processes  which  are  responsible  for 
ibis  change  would  be  of  importance  in  the  aerosollzatlon  processes.  For 
example  in  rig.  v-21,  the  untreated  saccharin  required  approximately  250 
uir  vo 1  urae  /  a  i  n / powder  voltaae  before  it  exhibited  the  break-point  and 

■  a  ■  •  • 

progressed  into  the  aerated  powder-mass  stage.  On  the  other  hand  the 
treated  powder  required  only  15  air  volumes/mln/powder  volume,  before  it 
became  an  aerate  powder  mass.  3tated  in  another  way,  the  additive  is 
causing  the  saccharin  powder  to  become  airborne  at  a  much  lower  rate  of 
air  flow  and  with  smaller  shear  stresses  in  the  ”di» seal ns ting  device.” 

E.  acusaion 

The  f lowability .  viscosity,  adhesion  and  angle  of  repoae  measure¬ 
ments  are  useful  to  characterize  the  behavior  of  a  powder.  The  adhesion 
measurements  revealed  only  general  trends,  but  the  other  three  methods 
gave  valuable  information  on  the  bulk  powders.  The  most  notable  trend 
obtained  from  these  tests  was  that  a  0.  5$  -  1.0$  addition  of  PQ  2340  ad¬ 
ditive  to  a  powder  gave  the  best  results  in  terms  of  fiowsbillty  and  fluid 
notion.  Additives  in  amounts  in  excess  of  this  were  found  to  be  detri¬ 
mental  to  the  flow  properties.  This  value  is  in  agreement  with  the  1.0$ 
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value  found  by  Cra  v  (1633)  when  lie  treated  starch  powder  witn  a  magne- 
slum  oxide  additive.  Rif  angle  of  repose  Bw«3-$r*vt6ni:£  ar-6  to  produced  In 
Fig.  V-22  below.  Based  on  their  shear  strength  teste,  Nash  et  al.  (1983) 
found  that  a  1,0$  addition  of  Cab -0-Si 1  to  Cerbowax  was  the  optimum  con¬ 
centration  of  additive,  Nash  et  al.  (1965)  calculated  that  a  1.0$  addi¬ 
tion  was  Juet  sufficient  to  provide  a  layer  of  coating  of  Cab-0-Sil 
particles  around  each  Carbowax  particle. 

FIG  V-22  GRAPH  OF  ANGLE 

OF  REPOSE  MIXTURES 
OF  STARCH  POWDER 
AND  LIGHT  MAGNESIUM 
OXIDE  iN  VARYING 
PROPORTIONS 
(from  Croik.  1958) 


A  discussion  on  the  mechanisms  by  which  additivee  f  'notion  is  given 
in  the  literature  review  or  f.dhfisiv'e  forces  iu  Appendix  B. 

As  will  be  shov,n  in  Section  VIII,  there  are  correlations  between 
powder  properties  cr.d  aerosol izability.  The  correlation  is  not  surprising, 
since  the  ease  of  flow,  viscosity,  angle  of  repose,  adhesiveness  and  aero- 
solizability  all  depend  on  how  much  attraction  there  is  between  particles, 
and  how  much  force  is  needed  to  separate  them  The  angle  of  repose  mea¬ 
sures  this  quality  in  a  slightly  different  way  *hau  do  the  other  tests. 

The  ancle  of  repose  is  controlled  by  the  downward  pull  on  a  particle  due 
to  gravity  and  the  motiou  is  overcome  by  adhesion  between  particles  in 
the  powder  mass, 

A  characteristic  of  particles  in  the  si/e  range  1-10^  is  that, 
arching  or  bridging  of  particles  is  common,  forming  powder  beds  with  high 
void  volumes  and  resistant  to  flow.  The  void  volumes  can  be  reduced  and 
flqwability  increased  by  inducing  the  particles  to  move  o"  ”r«ll"  into 
moro  btable  position,  A  measure  of  the  "roll"  of  the  particles  is  re¬ 
flected  in  the  manner  by  which  the  tlow2biltty  tests  were  carried  out. 

The  relative  "flownbi Hty"  of  powders  is  easily  observed  subjectively. 
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but  quantitative  measurements  vary  widely  depending  upon  the  methods 
employed.  Is  practice  the  "fiowability"  is  best  measured  in  the  flow 
of  a  powder  in  the  devices  and  under  conditions  designed  for  their  use. 

Finally  the  viscoslmetric  measurements  reflect  the  movements  of 
part'clee  in  an  "expanded"  powder  bed.  In  comparison  to  angle  of  repose 
tests,  fluid  bed  tests  seldom  have  been  used  to  characterize  a  powder. 
Y-rt ,  because  of  the  interaction  between  powder  and  air,  fluid  bed  tests 
probably  como  closest  to  simulating  those  properties  of  a  powder  which 
are  associated  with  its  aerosollzabillty. 


VI  DISSEMINATION  METHOD 


The  experimental  dissemination  of  various  powders  was  accomplished 
using  two  general  types  of  equipment.  An  effort  was  made  to  keep  the 
equipment  simple  in  design,  and  the  experimental  products  amenable  to 
analysis,  and  to  permit  the  application  of  a  range  of  energies  in  the 
experiments. 

A.  The  "Puffer"  Tube 

Much  of  the  work  that  had  been  conducted  by  others  m  the  past  on 
the  aerosollzation  of  dry  powders  was  done  at  relatively  high  energy 
inputs.  However,  some  powders  may  be  aerosolized  at  very  low  energy 
inputs;  for  example,  lycopodium  powder  merely  needs  to  be  dropped  through 
a  short  distance  in  air  for  practically  complete  aerosollzation.  As  a 
consequence,  the  difference  in  the  aerosolizabllltles  of  several  powder 
treatments  may  be  obscured  by  high  energy  Inputs.  Often  the  agglomera¬ 
tion  tendency  of  the  powder  is  more  dramatic  when  it  is  disseminated  at 
low  energy  such  that  the  agglomerates  dominate  the  aerosol.  With  this  in 
mind,  a  low  energy  disseminating  system  was  set  up.  In  this  system  a 
vertical  glass  cylinder,  12.5  cm  in  diameter  and  100  cm  high  was  used  as 
the  settling  ch&nber.  At  the  top  of  the  chamber  was  a  small  shallow  cup 
for  containing  the  powder.  Spaced  1/2"  above  the  cup  was  the  outlet  for 
a  small  reservoir  of  compressed  air.  The  air,  approximately  25cc,  was 
released  fro r  the  reservoir  by  meins  of  a  quick-opening  valve  and  "puffed" 
at  the  powder,  with  Just  enough  force  to  make  the  particles  airborne.  At 
the  bottom  of  the  100  ca  chamber  was  a  slide  arrangement  for  quick  chang¬ 
ing  of  microscope  slides  to  collect  the  particles  and  agglomerates  after 
they  had  settled.  Figure  VI-1  shows  the  completed  assembly.  Figures  VI-2 
and  Vj-3  show  the  top  and  bottom  respectively. 

A  measure  of  the  energy  in  the  air  blast  was  made  by  directing  the 
air  against  an  aluminum  rod  suspended  in  a  senior  so  that  the  rod  behaved 
as  s  ballistic  pendulum.  By  measuring  the  maximum  amplitude  attained  by 
the  pendulum  it  was  possible  to  calculate  the  energy  of  toe  air  directed 
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at  fve  powder.  When  the  puffer"  wag  pressurized  to  15  psi,  •  release 

-3 

energy  of  appro  rely  1.6  X  10  Joules  was  obtained. 

An  important  consideration  in  the  choice  of  the  puffer  tube  was  the 
reproducibility  of  the  energy  released.  Repeated  measurements  of  the 
amplitude  if  the  pcrdulum  showed  a  variation  of  ±1<#.  An  independent 
check  of  the  reproducibility  was  made  by  measuring  the  air  volume  re¬ 
leased  uti?  Izing  water  displacement  techniques.  The  reproducibility  was 
found  to  te  ± 5 


B.  The  Aspiration  System 

The  aspiration  system  utilizes  a  greater  amount  of  energy  and  was 
used  in  tests  where  this  wes  required.  The  powders  were  aspirated  by 
two  methods.  In  one,  a  Venturi  tube  was  used  to  suck  up  the  powders, 
and  in  the  other  a  pressurized  box  with  a  tube  outlet  was  used.  An  es¬ 
sential  feature  of  these  aspirators  was  a  rotating  horizontal  disc  for 
metering  the  powder  flow.  Figure  VI -4  .  jowb  the  Venturi  tube  picking  up 
powder  from  a  rotating  disc.  At  times  „.t  was  expedient  to  use  the  Venturi 
tube  within  a  pressurized  box  to  facilitate  powder  pickup,  and  such  an 
arrangement  is  shown  in  Fig.  VI -5,  Powder  was  evenly  spread  in  a  narrow 
line  near  the  circumference  of  the  disc.  The  entrance  to  the  tube  or 
Venturi  throat  through  which  the  powder  ras  ejected  was  arranged  directly 
over  but  not  touching  the  powder. 

The  moat  frequently  used  powdei  feed  end  disseminator  was  the  o.ie 
shown  in  Fig.  VI -S.  Inside  the  '  1/2”  dimeter  pressurized  cylinder  Is 
e  3-1/4"  diameter  rotating  disc.  The  appa  atue  could  be  taken  apart 
quickly,  cleaned  and  reassembled.  It  was  uted  extensively  to  test  out 
the  different  types  of  disseminator  tubes. 

Whereas  the  puffer  was  a  bstch  type  disaessinator,  the  aspirators 
disseminated  powder  continuoi'sly  and  over  controlled  air/powder  ratios. 

The  ratio  of  powder  to  air  could  be  varied  by  changing  (1)  the  air  flow 
rate,  (2)  the  weight  of  powder  per  unit  length  placed  on  the  rotating  dlac, 
and  (3)  the  speed  of  rotation  of  the  disc. 


FIG.  VI -6  3i  INCH  DIAMETER  PRESSURE  CHAMBER  FOR  METERING  AND  DISSEMINATING 

POWDERS  The  straight  capillary  tube  shown  con  be  removed  and  replaced  with  another  tub* 
of  different  configuration 
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The  aspiration  ays ton  had  flexibility  to  permit  experimenting  with 
the  different  configuration*  of  disseminating  tubes.  Examples  of  tbe 
types  of  t:«be  used  in  experiments  are  shown  in  Elga,  VI-7,  VI-8,  and 
VI-9.  All  the  tubes  were  constructed  from  el  the?  copper  or  brasa  except 
in  one  case.  The  one  exception  is  tbe  polyethylene  colled  tube  shown  in 
Fig.  VI -9  which  was  used  only  to  c  limited  extent. 

Hie  aerosol  chambers  used  in  this  program  varied  in  size  and  shape 
depending  on  the  tests  involved.  The  laminar  flow  settling  chamber  was 
moat  *requently  used  and  it  is  described  in  detail  in  Section  VII.  An¬ 
other  chamber,  a  wooden  box  6  feet  high  by  12  Inches  by  14  inches 
also  used  to  some  extent.  The  inside  of  the  box  was  lined  with  aluminum 
foil  and  electrically  grounded.  Plgure  VI-10  shows  the  6  foot  vertical 
chamber  with  the  large  pressurized  powder  disseminating  box  under  it. 


VII  ASS28SK3HT  07  AEROSOLS 


A.  Introduction 

In  the  study  of  the  dissemination  of  bulk  powders  to  font  aerosols 
it  is  all  important  to  be  able  to  measure  the  particle  size  of  the  aero¬ 
sol  and  the  weight  fraction  of  the  original  bulk  powder  comprising  the 
various  size  ranges  of  the  aerosols.  It  is  seldom  possible  to  obtain 
all  the  desired  data,  except  perhaps  under  carefully  controlled  and  highly 
elaborate  laboratory  conditions. 

At  present,  there  seems  to  be  no  single  method  adaptable  to  all 
aerosol izatloc  situations.  A  simple  and  direct  method  is  the  counting 
and  sizing  of  particles  which  have  settled  on  microscope  slides.  This 
method  provides  good  flexibility  and  choice  of  sampling  locations. 
Accompanied  by  photomicrography,  it  provides  a  good  record  of  results 
and  frequently  reveals  information  about  the  nature  of  the  settled  de¬ 
posit  that  is  not  obtained  by  indirect  methods.  The  laminar  flow  set¬ 
tling  chamber  described  in  this  section  allows  fey  mass  analysis  of  the 
aerosol,  which,  supplemented  by  microscopic  observation  of  the  settled 
particles,  provides  useful  information  on  the  types  of  particles  dis¬ 
seminated, 

B.  Microscopic  Counting 

1.  Technique 

The  technique  for  microscopic  counting  of  particles  was  to  view  and 
count  all  particles  and  agglomerates  within  a  calibrated  field  of  the 
microscope  eyepiece.  The  slide  was  moved  such  that  field  counts  were 
made  at  random  locations  throughout  the  slide.  A  minimum  of  ten  fields 
was  counted,  with  the  maximum  number  depending  on  the  variability  of 
the  field  counts.  In  general,  400  particles  per  slide  were  ounted. 

r 

fro m  the  known  areas  of  the  fields,  the  number  of  particles  per  mm  of 
the  slide  was  computed. 

«5 


* 


Whenever  possible,  a  distinction  was  made  between  an  agglomerate 
and  a  primary  particle  and  these  were  tabulated  separately.  Any  two  or 
more  adhering  primary  particles  were  considered  an  agglomerate.  The 
difficulty,  then,  occurred  in  the  identification  of  primary  particles. 
Agglomerates  of  glass  beads,  because  of  their  spherical  shape,  are  rela¬ 
tively  easy  to  Identify.  Chi  the  other  hand,  agglomerates  of  saccharin 
or  feldspar,  which  are  irregularly  shaped,  were  difficult  to  distinguish 
from  large  primary  particles.  For  example,  Figs.  VII-1  and  VII-2  are 
photomicrographs  of  untreated  and  treated  feldspar  respectively,  which 
had  settled  on  glass  slides.  There  are  obviously  two  large  agglomerates 
in  Fig.  VII-1,  but  in  Fig.  VII-2  there  are  numerous  small  agglomerates, 
and  even  a  few  single  particles.  The  difficulty  lies  in  deciding  whether 
the  particle- agglomerates  existed  as  a  single  air-borne  agglomerate  and 
scattered  on  the  slide  by  impact,  or  whether  they  were  small  particles 
and  agglomerates  which  happened  to  land  near  each  other. 

Therefore,  assessment  of  aerosols  by  microscopic  counting  was 
limited  to  powders  whose  particles  are  readily  identifiable  as  single 
particles  or  as  agglomerates  of  particles. 

The  results  of  microscopic  counting  are  tabulated  by:  the  number 
2  2 

of  primary  particles/mm  ,  the  number  of  agglomerates/®®  and  the  per¬ 
centage  of  agglomerates. 

The  reproducibility  of  this  assessment  technique  was  evaluated  using 
easily  aerosol izable  glass  beads.  Four  0.040  gm  samples  of  glass  beads 
with  a  particle  size  range  of  5~9p  diameters,  were  disseminated  with  a 
gentle  puff  of  air  and  allowed  to  fall  through  the  100  cm  high  chamber. 
Deposition  slides  were  taken  in  the  time  intervals  12-60  secs  and  60- 
300  secs,  and  the  particles  counted  by  three  individuals.  The  results 
are  tabulated  in  Table  VII-1.  The  reproducibility  of  tbe  individual 
counters  in  assessing  a  particular  slide  average  ±14^.  The  reproduc¬ 
ibility  of  the  count — representing  a  measure  of  the  overall  production 
and  evaluation  of  an  serosal — was  calculated  to  be  420^. 


FIG.  VII -1  UNTREATED  FELDSPAR  0.5-50 M  DIAMETER, 
DISSEMINATED  IN  THE  ‘PUFFER”  WITH  the 
"PUFFER”  SYSTEM  IN  100  cm  HIGH  CHAMBER 


data  raw  'mux  courtkm  ox  four  rkpljcati  srrs  or 


a.  Coincidental  Settling  of  Particles 

Another  limitation  of  microscopic  counting  is  that  sens  particles 
always  settle  in  Juxtaposition  on  a  slide  and  thus  can  be  counted  as  an 
agglomerate,  although  they  existed  as  single  particles  in  the  air  stream. 
Thus,  it  is  impossible  by  this  technique  to  determine  the  extent  of  dis- 
sealnatlon  of  presized  particles  in  the  air  without  some  measure  of  the 
extent  of  coincidental  settling.  The  effect  of  coincidental  settling 
was  examined  using  multicolored  fluorescent  powders,  and  the  results 
gave  fair  agreement  between  observation  and  theory  after  suitable  cor¬ 
rection  had  been  made  for  particle  size. 

The  amount  of  overlapping  of  dust  particles  on  a  settling  plate 
increases  with  dust  concentration  per  unit  area.  For  the  simplest  case, 
Irvin  et  al.  (1949)  proposed  that  the  concentration  of  the  primary  par¬ 
ticles  on  the  plates  can  be  measured  by  the  quantity 
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where  H  is  the  number  of  particles  of  diameter  D  (all  equal  size),  falling 
at  random  over  an  area.  A.  f  is  then  the  ratio  of  the  sum  of  the  areas 
of  the  particles  to  the  area  of  the  plates.  The  mean  agglomerate  size, 
is  given  as 


•here  C  is  the  number  of  agglomerates  on  the  plate.  In  order  to  reduce 

the  percentage  error  of  overlapping,  100(H-C)/C,  to  lees  than  5  percent, 

2 

the  number  of  aggloawrate*  must  be  leas  than  0.0297  A/D  . 


Aral tag*  (1949)  extended  the  calculations  to  — -cr  the  more  realistic 
cases  where  the  particles  and  agglomerates  are  of  unequal  elrclea.  How¬ 
ever  the  corrections  are  small  and  for  most  practical  applications,  the 
estimates  given  by  Irwin  et  al.  are  sufficient. 
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The  above  references  indicated  that  assessment  by  microscopic 
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counting  is  valid  when  the  particle  population  is  sufficiently  low  that 
the  agglomerates  can  be  distinguished  from  primary  particles.  In  a 
recent  study  on  aerosol  reagglomeration,  Knutson  (1965)  reported  some 
difficulty  with  coincidental  settling  of  aerosolized  particles.  He 
observed  three  times  as  many  doublets  and  triplets  as  predicted  by  theory. 
The  cause  of  this  discrepancy  was  attributed  to  electrical  charges  on  the 
particles.  Knutson  states  that  "an  increase  in  the  effective  radius  of 
the  particles  by  a  factor  of  the  square  root  of  3  caused  by  particle 
charge  would  be  sufficient  to  bring  agreement  between  theory  and  ex¬ 
periment." 

In  a  series  of  experiments  similar  to  that  of  Knutson,  a  measure 
of  coincidental  settllne  was  w«de  "eirs  Sifforcnt  :.3lor**  ox  fluorescent 
zinc  cadmium  sulfide  powder.  The  experiment  was  as  follows: 

An  aerosol  of  green  fluorescing  zinc  cadmium  sulfide  #3206  was  first 
dispersed  upward  into  a  cylindrical  chamber  2  feet  in  diameter  and  7  feet 
high  containing  miscrcscope  slides  at  the  bottom.  The  aerosolized  par¬ 
ticles  were  allowed  to  settle  for  70  minutes  at  which  time  all  the 
countable  particles  had  settled.  Yellow  fluorescent  particles  4(2267 
were  then  dispersed  in  the  same  manner  and  allowed  to  settle.  After 
complete  settling  the  mixed-color  agglomerates  were  r'ounted.  The  re¬ 
sults  are  tabulated  in  Table  VI 1-2. 

Some  operator  judgment  was  required  to  distinguish  the  agglomerates 
from  single  particles.  Examples  of  the  method  of  tabulating  single 
particles  and  agglomerates  are  given  below. 


Microscope  Field 


H2) 


Table  VI 1-2 


SATA  ON  TWO- COLOR  AGGLOMERATES  STUDY 


Teat  No. 

Amount  of 
Powder 
Aerosol Iced 

Particles 

Total 

Count 

Average  Count/ 
M2  A 

#  Total 

160 

.1  ga  Green 

Yellow 

2261 

640.8  ±  85.9 

hWRA 

.25  ga  Yellow 

Green 

312 

88.4  ±  18.6 

Aggl.  (each  »  1) 

33 

9.4  ±  5.4 

■ 

Y  in  Aggl. 

38 

10.8  ±  6.6 

ilBl 

G  in  Aggl. 

35 

9.9  ±  6.9 

1.32# 

161 

.15  ga  Green 

Yellow 

2350 

511.1  ±  77.5 

70.3 9# 

.25  ga  Yellow 

Green 

865 

184.9  ±  18.9 

25.87 # 

Aggl.  (each  a  1) 

60 

14.5  ±  9.9 

Y  in  Aggl. 

65 

15.8  ±  11.0 

1.94# 

G  in  Aggl. 

63 

15.1  *  9.7 

1.99+ 

162 

.25  ga  Green 

Yellow 

3116 

591.8  ±  79.2 

68. 0l| 

.25  ga  Yellow 

Green 

1322 

251.8  ±  28.4 

38.85| 

Aggl.  (each  a  1) 

70 

13.3  ±  4.1 

Y  in  Aggl. 

73 

13.9  ±  4.4 

1.59# 

G  in  Aggl. 

71 

13.7  ±  4.4 

1.55# 

163 

.30  ga  Green 

Yellow 

1666 

485.4  ±  82.3 

50.20# 

.25  ga  Yellow 

Green 

1435 

418.1  ±  85.9 

43.24# 

Aggl.  (each  «l) 

99 

28.8  ±  14.1 

Y  in  Aggl. 

115 

33.5  it  15.6 

3.46# 

G  in  Aggl. 

103 

30.0  A  14.9 

3.10# 

164 

.35  ga  Green 

Yellow 

2256 

612.7  A  123.3 

52.931 

.25  ga  Yellow 

Green 

1735 

473.8  A  62.7 

40.71# 

Aggl.  (each  =  1) 

133 

36.3  *  10.0 

Y  in  Aggl. 

ISC 

37.1  A  10.5 

3.19| 

G  in  Aggl. 

135 

36.8  A  10.8 

2.17| 

165 

.40  Green 

Yellow 

2754 

T99.7  A  58.0 

53.49# 

.25  ga  Yellow 

Green 

1995 

581.3  A  93.6 

38.73# 

Aggl.  (each  *  1) 

192 

53.9  A  10.7 

Y  in  Aggl . 

2C1 

58.6  A  10.7 

3.90# 

G  in  Aggl. 

199 

58.0  A  10.7 

3.86# 

3,90# 

3.86# 


In  tfaia  guide  each  circle  repmnti  •  particle.  The  first  number 
under  each  rwpreaentation  of  agglomerate  grouping  «ae  recorded  u  t be 
am d>er  of  agglomerate*.  The  number  in  toe  parentheses  ie  the  anbn  of 
particles  in  the  agglomerate.  A  single  bead- like  chads  of  a  single 
color  van  considered  as  one  particle. 

Pro  riding  suitable  corrections  ere  made  for  the  sine  of  particles, 
reasonably  good  agreement  between  the  number  of  doublets  found  and  the 
number  calculated  can  be  obtained  as  revealed  by  the  following  calcu¬ 
lations. 


After  the  firat  cloud  of  particles  has  settled,  the  probability 
that  a  doublet  will  be  found  between  a  particle  of  diameter  from  the 
first  cloud  and  a  particle  of  diameter  0^  from  the  second  cloud  will 
be  given  by 


D  ,D 
1'  2 


\”<Di  *  V 

— 


(1) 


where 


Di,Da 


s  probability  of  a  doublet. 


r  ’iber  of  particles  for  cloud  1  with  diameter  D^, 


particle  diar >ter  for  cloud  1. 
particle  diameter  for  cloud  2. 
area  over  which  particles  leva  settled. 

The  number  of  mixed  doublets  found  between  particles  of  diameter 
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Dj  end  will  be 
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(2) 


If  M£fa  cloud  Is  mad*  up  of  pnrtieles  with  a  wide  range  of  per- 

tlele  tice*  the  total  amber  of  nixed  doublet*  X.  _  will  be  given  by 
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where  M,  and  J»2  are  the  total  nuabera  of  particles  frora  the  clouds  1  and 
2  respectively. 

Equation  3  will  overestimate  the  lumber  of  nixed  colored  doublets 
because  there  are  sone  doublets  f creed  of  the  sane  color,  and  the  second 
color  particle  that  aettles  on  this  doublet  will  in  t act  be  a  triplet 
rather  than  a  doublet.  This  overeatination  is  not  of  great  consequence. 
In  practice,  it  is  difficult  to  distinguish  between  single  particles 
and  doublets  of  the  sane  color.  Also  particles  of  the  sane  color  vary 
widely  in  size  because  of  incomplete  dispersion.  It  nay  therefore  be 
assumed  that  doublets  of  the  sane  color  ern  be  counted  as  single  par¬ 
ticles,  and  Equation  3  nay  be  used  to  estlrsate  the  number  of  nixed  color 
agglomerates  providing  proper  adjustment  is  made  for  the  aass  mean  di¬ 
saster  and  the  gwometric  standard  deviation  of  the  particle  sires  ob¬ 
served  on  the  settling  slide. 

For  the  zinc-cadmium  sulfide  experiments  described  in  the  text, 
the  particles  per  gran  (PPG)  of  the  powder  were  computed  from  the  number 
of  particles  settling  to  the  floor  of  the  chamber  divided  by  *he  weight 
of  powder  aerosolized,  and  tha  mass  mean  diameter  i.ifift)}  in  microns  com¬ 
puted  from 
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6  X  10 
npfppoT 


where 


particle  density  *  4  gm/cn3 


*4 


These  diameters  are  given  1b  Table  VII-3.  The  HO  for  the  yellow 

fluorescent  particles  ranged  free  7.8  -  9.2p,  while  those  from  the  green 

fluorescent  particles  ranged  from  10.0  -  11.0(1.  These  disasters  are 

■itch  larger  than  the  HO  of  the  two  fluorescent  particle  colors  determined 

by  complete  aerosol 1 cation  of  these  materials  or  by  complete  dispersion 

on  a  microscope  slide.  Complete  dispersion  reveals  an  HO  3.4i  for  the 
* 

yellow  and  3,7(4  HO  for  the  green  particles. 

A  comparison  between  the  observed  and  calculated  number  of  mlxad 
color  agglomerates  was  made  by  first  assuming  all  particles  of  each  color 
to  be  the  same  alxe  and  equal  to  the  mass  mean  diameter  obtained  from 
the  settling  experiments.  The  calculation  was  then  corrected  for  the 
spread  in  particle  size.  For  uni  fora  sizes  Equation  3  reduces  to 


1,2 


*W°1  *  °2r 

4A 


(5) 


The  numbers  of  two-color  agglomerates  calculated  and  observed  for 
each  trial  are  shown  In  Table  VII-3,  Columns  11  and  12.  With  the  ex¬ 
ception  of  Test  162,  the  ratio  of  the  calculated  to  the  observed  number 

of  agglomerates  is  nearly  constant  ranging  from  2.23  to  2.58  with  a  mean 

2 

value  of  2.3d.  That  Is,  the  number  of  agglomerates/nm  calculated  from 
the  mean  HO  of  the  two  materials,  and  a  geometric  standard  deviation  of 
1.0  was  2.39  times  greater  than  the  observed  number  of  agglomerates . 


However,  the  mass  mean  diameter  of  the  particles  having  a  range  of 
sizes  will  be  larger  than  the  surface  mean  diameter  and  a  correction 
must  therefore  be  made  which  includes  the  geometric  standard  ,»tion 
of  the  particle  sizes  on  the  slides.  This  may  be  measured  by  sizing 
all  the  particles.  An  alternate  method  it  to  transforms  the  gaff)  to  the 
mean  square  diameter  by  the  relations: 
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where 


D  a  m after  mob  diameter 


■mb  square  dlutttar 
n  geometric  mean  diameter 

f ~T**trlc  Man  standard  deviation. 


But 


•uerefore 
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Since  the  calculated  WO* s  for  th«s  tec  materials  differ  only  slightly 
for  the  two  colors,  we  nay  assume  that  WO  a  WC^  and  also  that  dg^ 
ogg  a  erg,  so  that  Bquation  (3)  nay  be  written 


1.3 


fdl^OBlD)' 
'  2A 


^-(indg)2  +  e" 


2(inag)' 


(11) 


where  If  ^  2  is  the  corrected  number  of  tixed- color  agglomerates  based 
on  a  log  normal  distribution  having  dg  other  than  unity  such  as  assumed 
in  Xquatlon  5. 

The  calculated  number  of  agglomerates  in  Tsblve  VII- 3  was  calculated 
from  Iquation  5  and  is  equivalent  to  using  the  average  •'alue  of  the  W0) 
for  the  two  colors  computed  fror  Equation  4  from  the  PPG  in  each  experi¬ 
ment.  That  is. 
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The  ratio  of  ^  to  the  corrected  value  3  Is 

"i,2  [T^0*)’  .  .-*<  te<’*>4]  ’ 

For  the  ratio  ^  to  b®  2,39,  the  geometric  standard  devia¬ 

tion  calculated  to  be  2.2.  A  ?g  of  2,2  la  not  an  unreasonable  standard 
deviation,  since  the  size  of  the  settled  particles  and  agglomerates  on 
the  slides  ranged  from  about  G.ty*  to  209sj..  This  calculation  leads  to 
the  conclusion  that  the  number  observed  and  calculated  mixed-color 
agglomerates  can,  with  sufficient  observations,  be  brought  into  close 
agreement. 

c‘  Photography  of  Falling  Particles 

A  brief  investigation  was  made  into  the  direct  photography  of  falling 
aerosols,  in  an  attempt  to  identify  the  particles  and  agglomerates  while 
they  are  airborne. 

The  method  co-os  is  ted  of  photographing  the  aerosolized  particles  with 
an  extended  bellows  camera  using  a  stroboscopic  light  source  to  illuminate 
the  particles.  In  this  way,  each  falling  particle  produces  a  series  of 
dots  on  the  photo graph.  By  knowing  the  magnification  of  the  camera  and 
the  speed  of  the  flash,  a  direct  measure  could  be  made  of  the  rate  of  fall. 
Figure  VII -3  is  c  photograph  of  falling  p-amino-benzoic  acid  powd*»r.  Ho 
effort  waa  made  to  obtain  complete  dissemination  of  the  particles;  conse¬ 
quently  agglomerates  greater  than  lOOp  were  observed.  Tha  white  line  in  the 
center  of  the  photograph  is  a  2,1 -ms  diameter  rod  to  serve  a*  calibration 
of  the  overr',1  magnification.  In  this  case,  the  magnification  was  1.7. 

With  a  flash  rata  of  83,3  flashes  per  second,  the  fall  rate  of  par¬ 
ticle  per  sec  is  =  (Spacing  between  dots)  (83.3)/l*7.  The  series  of 
small  dots  indicated  by  A  had  a  fall  rate  of  4.8  cm/sec  or  as  aerodynamic 
diameter  of  404.  The  line  of  dots  indicated  by  8  had  a  fall  rate  of 
80  cm ''sec  or  an  aerodynamic  diameter  cf  1854,  The  size  of  dots  in  the 
photograph  bears  no  relatiof^Mp  to  the  size  of  the  particles.  The  images 
merely  represent  scattered  light ,  and  because  accurate  focus  would  be 
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FIG.  VII -3  PHOTOGRAPH  OF  PARTICLE  TRACKS 

OBTAINED  BY  STROBOSCOPIC  PHOTOGRAPHY 


yy 


only  *  coincidence,  there  is  no  relation  between  dot  size  and  particle 
else.  The  sole  criteria  of  aerodynes! c  particle  size  la  dot  • pacing. 

It  la  obvious  from  this  photograph  that  the  aerosol  contained  assy  large 
agglomerate* ,  For  slower  falling  particles  (lty  disaster)  slower  speeds 
of  flashing  can  be  used,  although  It  would  probably  be  difficult  to 
record  traces  of  particles  below  10|*  with  the  equipment  available.  This 
approach  wss  not  expanded  because  It  did  not  seea  practical  to  expend 
auch  effort  to  develop  an  assessment  technique  that  offered  Halted  in¬ 
formation  and  which  could  involve  elaborate  equipment  for  the  particles 
of  Interest  (l-lty). 

D.  Laminar  Flow  Settling  Chamber 

1.  Introduction 

The  agglomerates  resulting  from  dissemination  of  dry  powders  are 
difficult  and  exasperating  to  size,  and  consequsntly  the  assessment  of 
tbese  aerosols  by  aggloaer  .as  sizes  is  plagued  with  uncertainty.  Even 
in  the  situations  where  the  general  dimensions  of  the  agglomerates  can 
be  measured,  the  size  Itself  does  not  reveal  very  such  information. 
Because  of  the  loose  formation  of  the  agglomerates,  sometimes  in  the 
form  of  chains,  it  is  nearly  impossible  to  calculate  the  aero-dynamic 
properties  of  the  particles  by  optical  measurement  of  the  particle  sizes. 
To  illustrate,  e  lty  particle  of  density  1.0  gm/cc  will  settle  at  the 
rata  of  0.3  cm  per  sec.  A  loosely  bound  agglomerate  with  an  average 
density  of  0.1  gm/cc  and  a  diameter  of  31. 64  would  also  settle  at 
0.3  cm/sec;  however,  the  mass  of  the  agglomerate  would  be  3.16  times 
that  cf  a  single  solid  particle.  Therefore  for  moat  practical  applica¬ 
tions  of  aerosols,  it  is  their  aerodynamic  properties  which  are  of 
Interest  to  the  user. 


For  these  reasons,  a  laminar  flow  settling  chamber  which  measures 
the  sise  distribution  of  particles  and  mi  omerates  in  terms  of  their 
aerodynamic  properties  as  they  exist  in  the  air  stream,  was  developed 
as  s  means  for  assessing  the  aerosol lzst ion  process. 


3.  Description  aad 


stlon  of  th'  Chamber 


Mi 


Oper 

Dw  lnlur  flow  wttllty  eLabtr,  la  its  aoat  simple  form,  Is  « 
long,  borlsontal  shallow  chamber  throe  rh  which  aerosol- laden  sir  is 
passed.  Hors  complex  forms  ha vs  suit  1 pie  cumber  of  settling  platws.  As 
the  sir  posses  through  the  chamber,  the  atroscl  particles  settle  out, 
aad  the  location  where  a  particle  cattles  depeads  on  the  air  flow  and 
the  gravity  settling  rate  of  the  aerosol iaed  particles. 

The  chamber  employed  la  this  wort  is  shown  schematically  la 
Fig.  VI 1-4.  it  contained  22  .titling  plates  which  are  six  feet  long 
(183  cm)  and  six  laches  wide.  The  vertical  spacing  between  each  plate 
is  0.3S  inch  (0.883  cm). 

The  duct  section  of  tli  chamber  for  Introducing  the  aerosol  to  the 
plates  wee  comprised  of  three  detachable  parte.  The  aerosol  was  intro¬ 
duced  into  the  chamber  at  the  bottom  of  the  tapered  duct  section,  ns 
illustrated  in  Fig.  Vll-4.  Th*  aerosol  may  be  generated  by  any  of  the 
various  powder  disseminators.  One  powder  disseminator,  described  in 
Section  VI  and  shown  in  Fig.  VI-6,  was  used  extensively  in  the  chamber 
tests.  The  period  of  aeroeul  generation  could  be  varied  from  a  few 
minutes  to  a  fee  hours,  depending  on  the  type  of  powder  dlftsaadmator. 

The  air  flow  through  the  chamber  was  adjusted  to  control  the  particle 
else  range  over  rhlch  the  dialysis  was  desired.  For  most  of  the  work 
reported  here,  tho  air  Introduced  with  the  powder  was  in  the  rvnge  of 
10-33  k/ min.  Dilution  air  was  added  sut  that  the  total  flow  through 
the  chamber  was  in  the  range  of  70  to  100  4'wln.  At  100  Vain,  the  air 
velocity  was  «,i  cm/sec,  at  a  Reynolds  Wo,  of  SA  between  plates.  The 
air  flow  leaving  the  chamber  was  adjusted  by  means  of  a  vacuum  pump  to 
equal  the  air  flaw  entering  the  chamber  so  that  the  air  pressure  inside 
the  chamber  was  essentially  atmospheric. 

After  a  test,  the  pistes  were  removed  Individually  sad  the  material 
on  measured  sections  of  the  plates  washed  off  and  analysed  Uy  chemical 
methods.  Data  for  particle  alse  distribution  on  the  plates  was  obtained 
by  graphical  methods  from  a  knowledge  of  the  weights  of  powder  found  on 
each  section  of  the  plates.  It  was  found  that  sate rial  on  all  plates 
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m* d  aot  be  analysed  since  analysis  of  fiw  plates  gave  npnMBtitiw 
rmlti  for  S3  plot**,  the  quantity  of  powder  collected  on  the  filter 
and  Is  the  duet  vu  measured  separately.  for  e  complete  sees  belaaoe, 
the  duct  section  wee  washed  end  the  amount  of  powder  left  there  computed. 

If  eoae  powder  were  left  is  the  aerosol  generator,  that  too  had  to  be 
analysed.  The  total  powder  found  was  then  equated  to  the  weighed  amount 
introduced  into  the  aerosol  generating  ayatee.  This  microscope  cover 
slipe  were  placed  at  various  locations  throughout  the  chamber  to  permit 
visual  observation  of  the  type  of  particles  or  aggloeerates  which  settle. 

As  constructed,  the  chamber’s  overall  dimensions  were  a  crapramlee 
designed  to  fit  cpsce  requirements  and  to  perwlt  ease  of  manipulation. 

3*  Principle  of  Operation 

The  principle  of  operation  is  essentially  identical  to  that  of  the 
Oden  sedimentation  balance  (Oden  1916),  which  is  a  batch  device  for  meeaur- 
ing  sediment  ss  a  function  of  time.  Tbo  laminar  flow  chamber  is  * 
continuous^ flow  device  in  which  sediment  iw  measured  ss  a  function  of 
chamber  length.  And  while  the  chamber  is  a  device  for  measuring  distri¬ 
bution,  it  does  not  strictly  separate  particles  into  size  range,  although 
there  la  a  trend  in  that  direction. 


The  lanlnar  flow  settling  chamber,  as  designed,  was  Halted  to  analy¬ 
ses  over  the  size  range  of  2  to  >V)  ale reus  diameter  In  most  esses.  For 
smaller  particles  the  settling  velocities  of  the  particles  are  so  low 
that  the  length  of  the  chamber  would  be  exceedingly  long.  A  filter  was 
placed  at  the  end  of  the  settling  pistes  to  capture  those  particles  which 
did  not  settle  out.  Fo«*  particles  larger  than  90  microns.  It  was  1»- 
possibls  to  obtain  «  reasonable  physical  spread  of  material  the  plates 
without  us lac  ea  air  velocity  sufficiently  great  to  product  turbulent 
sir  flow  through  the  chamber. 

for  valid  operation  of  tJ«e  chamber,  three  basic  conditions  must  be 
fulfilled:  (1)  the  aerosol  cloud  at  the  er.trarxe  of  the  plate  section 
should  bo  uniform  so  chat  analysis  of  a  few  plates  will  yield  a  rwpreaoa- 
tatlv*  sample  of  the  aerosol;  (3)  the  average  horizontal  velocity  also 


lum  to  (to  the  sum  la  Meh  ehtufi  sad  this  condition  «u  achieved  hr 
using  uany  shallow  channels  of  equal  dlasaslons  sad  restricting  orifices 
ct  the  outlet  of  sash  channel;  {3}  there  should  be  no  vertical  mix Inf  of 
the  fluid.  This  last  condition  requires  that  the  eir  flow  be  Jtreaaiine 
or  viscous.  The  low  Reynolds  Ho,  of  36  assured  lsainar  flew. 

fherual  currents  were  considered  to  be  of  no  consequence  because 
these  would  sot  exist  unless  there  was  about  100*1  taupe rate re  dif¬ 
ference  between  plates.  Such  t superstore  differences  would  not  have 
been  possible  under  the  conditions  of  use.  This  is  shown  by  the  follow¬ 
ing  analysis. 

Ibe  taupe rature  difference  AT  needed  to  create  full  convective  cells 
between  plates  b  distance  apart  can  be  calculated.  Frau  lekert  and  Drake 
(1959)  tbese  convective  cells  do  not  occur  until  the  Rayleigh  number  ex¬ 
ceeds  a  value  of  103,  i.e. 


X  >  103 

where, 

3  2 

g  a  acceleration  of  gravity  «  10  cu/aec 
T  «  absolute  teuperature  k,  5  X  102R° 

*  kinematic  viscosity  of  air  *.  1.5  X  10-1  cn3/sec 
Rp^  m  Prandtl  nuuber  of  sir  1 

Therefore  for  convective  cellr.  to  occur,  AT  Bust  be  in  the  order  of  100*R 
4.  Calculation  of  Particle  Site  Distribution 

The  use  of  this  net hod  involves  nesaureweat  of  the  overall  concen¬ 
tration  change  in  an  aerosol  as  a  function  of  distance  traveled  along  the 
settling  plates.  Since  the  site  dlstrlbutioa  obtained  with  this  device 
is  an  integral  alas  analysis,  differentiating  Bust  be  nede  to  obtain  the 
discrete  alas  distribution,  that  is,  the  weight  of  aadiweet  at  distance 
X  does  the  plates  consisted  of  (1)  those  particle*  which  -"Old  have 
fallen  out  before  distance  X  as  defined  by  Stokes'  equation  aasunlog  that 


the  particle*  be$an  their  trajectory  at  the  very  top  of  the  shallow 
channel,  and  (2)  mailer  particle*  which  have  also  settled  out  because 
they  began  their  trajectory  at  some  intermediate  position  in  the  chan¬ 
nel,  and  the.  ’ere  had  a  shorter  distance  to  fall. 

The  particle  sice  distribution  is  obtained  by  plotting  the  cumula¬ 
tive  weight  percent  of  aettled  material  cs  ordinates  and  the  corresponding 
length  of  the  plates  as  aoscissas.  This  results  in  a  curve  of  the  type 
shown  in  Fig.  YU-5,  As  noted  above,  this  curve  gave  the  Integrated 
weight  percent  of  articles  landing  at  a  particular  distance  along  the 
plate.  Differentiation  of  the  curve  can  be  done  graphically  by  drawing 
tangents  to  the  curve  at  any  point,  and  the  intercept  of  the  tangent  on 
the  ordlnant  gives  the  discrete  weight  percentage.  For  example,  Is 
Fig.  il-5,  a  cumulative  weight  of  62$  was  found  up  to  the  40  cm  dis¬ 
tance  on  the  plates.  A  tangent  is  drawn  to  the  curve  and  It  strikes  the 
ordlnant  the  45$  point.  This  value  gavo  the  cumulative  weight  percent 
of  those  particles  which  began  their  trajectory  at  the  top  of  the  channel 
and  settled  out  by  the  time  the  aerosol  reached  the  40  cm  mark  on  the 
plates.  Thus  by  drawing  tangents  at  various  points  on  the  curve,  an 
aerosol  settling  distribution  is  obtained,  which  was  related  to  the  set¬ 
tling  velocity  of  the  aerosoilsed  particles  by  the  simple  proportion. 


V 

X 


*h«re  is  the  terminal  velocity  of  the  dust  particles,  h  is  the  vertical 


height  of  the  channel,  V  is  the  linear  gas  velocity  through  the  channel, 
and  X  the  distance  from  the  entrance.  For  a  typical  air  velocity  of 
7.1  cm/sec,  and  a  height  of  0,623  cm,  the  settling  velocity  of  particles 
landing  before  the  40  cm  distance  would  be  0,114  ca/aec. 


The  settling  velocity  can  be  converted  to  aerodynamic  diameter 
utilising  Stokes  law, 


0  * 

P 


V  ”g? 


diameter  (cm)  of  equivalent  spherical 
particle. 


where 


I 

li  ■  fas  viscosity  (poises) 

U  a  settling  velocity  of  particle  (c«/sec) 

->  q 

f  *  gravitational  acceleration  »  981  c$/sec 

p  b  particle  density  (gns/ra  ). 

{It  \rbitrary,  the  value  D  is  then  as  effective 
particle  sice  based  on  thli  density) 

For  a  spherical  particle  with  a  specific  gravity  of  1.0  this  would  cor 
respond  to  a  6.2p  disaster  particle.  By  plotting  a  number  of  such  points 
it  is  possible  to  arrive  at  a  particle  size  distribution. 

According  to  Donoghue  (1956),  the  a  as.'  deterrlnations  on  the  pistes 
should  be  made  at  distances  increasing  by  not  sac  re  than  for  very  ac¬ 
curate  work,  fo  abide  by  this  rule  would  require  some  14  determinations 
to  be  done  on  the  183  cm  length  settling  plate.  This  analysis  strewed 
unnecessarily  long  and  the  sw^ll  improvement  in  accuracy  hardly  Justified 
the  ti»e.  Therefore,  for  the  t.sta  reported  herein,  the  determine tiors 
were  wade  at  distances  increasing  by  r.  factor  of  two  for  »  total  of  10  de¬ 
terminations. 

5.  Reproducibility  of  Results 

j  The  reproducibility  of  tie  chamber  is  best  illustrated  with  sass 

distribution  curves  flow  the  quinine  powder  experiment.*,  Quinine  was 
selected  because  it  could  be  analyzed  readily  by  fluoroswtri"  technique. 
The  f.jcadure  for  quinine  asaesrr  ...  t  was  as  follows: 

The  powder  (0.1  gw)  was  weighed  and  disseminated.  Air  How  was  Main¬ 
tained  for  fire  minutes  after  powder  ini roduciiou  to  the  chamber  had 
ceased,  Each  third  plate,  for  a  total  of  five  plates .  was  for 

analysis.  Cot  tea  soaked  in  0.5  H  H^SO^  wale  up  in  2:o4  sepropaoc’  sad 
SC4  water  wol/voi  was  used  to  wipe  the  quinine  f~cm  the  plates  at  walked 
intervals  2,  S,  10,  30,  <0,  60,  90,  120,  150,  and  183  c*.,  The  'i.  ce.r  and 
orifice  of  the  chamber  were  cleaned  by  soaking  the*  in  the  alcohol  solu¬ 
tion,  aad  the  duct  section  was  cieaned  by  fleshing  the  inside  with 
3  lit-’**  of  the  solution.  The  amount  of  powder  regaining  or  the  turn¬ 
table  was  subtracted  f row  the  total  quantity  weighed  for  dissemination 

iw 


*  i  f# 


and  ac  oven’ll  material  balance  was  obtained  by  determining  the  quanti¬ 
ties  of  quinine  Jr.  solution  from  each  section  tiring  a  fluorometer  for 
analysis,  Ma-sp  balances  between  80$  ana  12(>$  rare  consistently  obtained 
and  m$  to  i  uri  was  considered  satis factory 

Figure  'T,I~6  shews  3 one  of  the  duplicate  analysis  runs.  Run  #25 
and  Run  #26  are  duplicates,  aa  were  Run  #35  and  Run  #>40,  These  were 
s o^e  of  the  better  duplicate  runs,  al  hough  duplicates  such  as  Rua  #38 
and  #45  were  sore  c  oilmen,  This  precision  of  the  chamber  is  sufficient 
to  distinguish  differences  in  aerosols  resulting:  from  a  change  in  the 
ponder,  or  f rotu  a  change  in  the  dissemination  conditions  of  a  powder, 

6.  Tests  of  Aerosol  Settling  Rates  , 

As  'iscussad  earlier,  one  of  the  unique  feature?  of  the  laminar  flow 
settling  chamber  wau  that  it  permitted  a  measurement  of  the  effective 
settling  velocities  of  the  suspended  particles.  If  the  density  of  the 
airborne  particles  is  ’xnown  then  the  theoretical  settling  pattern  of 
the  particles  car  be  predicted,  using  the  calculation  given  above.  Urns, 
tb'-  theoretical  settling  patterns  shown  in  the  various  curves  below  are 
the  maxiiaten  size  of  particles  which  will  fail  at  the  distance  indicated. 

Spnerie&l  particles  were  used  for  these  tests  because  thay  aerosolize 
easily  aud  the  agg] omerates  are  distinguishable  from  the  primary  parti¬ 
cles.  The  p->wders  useu  are  lifted  below,  and  their  particle  size  dis¬ 
tributions  are  shown  in  Section  IV,  MATERIALS, 

a.  Mlcrothene,  i-30j>,  density  of  0.9^4  gn/cc. 

h.  Glass  beads,  l-*30ji,  density  of  2,5  gn/cc ; 

z.  A1  uni  bus.  S-3,  tmu  -  3u,  density  of  2.7  grs/cc. 

The  coilnd  tube  and  powder  feeder  shown  in  Fig.  Vl-6  were  used  In 
sli  tests.  The  dissemination  conditions  were:  0.4  gn  powder  d is semi uated 
at  povder/air  ratio  of  ,0053  gm  powder/gm  air:  33i/min  air  flow  through 
the  0,16  m  diu.  i  ibe  and  7.1  cm/ sec  velocity  through  the  settling  plates, 
Microscope  cover  slips  were  fastened  to  the  duct  sections  of  the  chamber 
and  at  intervals  of  2,  5,  10,  20,  40,  80,  120,  and  183  cm.  along  the 
length  of  the  settling  plates.  Macroscopic  observations  .A  the  nature 


of  tha  deposited  powder  wore  made  fr oa  these  cover  slip®.  Approximately 
150  particle*  on  each,  slide  were  measured  using  a  ruled  ocular  alcroia&tsr 
of  the  Cawood  type.  Tfee  microscope  was  calibrated  with  a  stage  micrometer 
and  verified  by  sizing  3,49^  end  1.90y  polystyrene  beads  obtained  from 
Dow  Chemical  Company ,  However,  to  compare  the  measured  size  with  the 
theoretical  size,  the  averaged  diameter  of  the  largest  10$  of  the  par¬ 
ticles  tut  each  slide  was  computed.  For  example,  if  170  particles  were 
raeaeured,  then  the  averaged  size  of  the  largest  17  particles  was  calcu¬ 
lated  and  plotted  iu  the  settling  curves. 

a.  Microtheae 

The  theoretical  end  experimental  settling  curve  for  untreated 
Microthene  is  given  in  Fig,  VI I- 7 ,  it  is  seen  that  the  two  curves  nearly 
coincided,  thus  indicating  that  for  Mlcrothene  particles  the  laminar 
flow  settling  chamber  was  operating  correctly. 

A  number  count  of  the  Microtheae  particles  on  the  slides  was 
also  made,  and  by  differentiating  the  counts  along  the  length  of  the 
plates,  the  percentage  of  particles  on  the  plates  was  found.  This  number 
came  out  to  be  50$.  The  particle  size  distribution  of  the  original  powder 
showed  that  9S$  of  the  particles  by  number  is  less  than  40u  diameter. 

Since  the  air  flow  through  the  chamber  was  adjusted  to  deposit  40p.  size 
particles  on  the  settling  plates,  it  appeared  that  many  of  the  particles 
remained  agglomerated  after  dissemination,  and  consequently  did  not  reach 
the  settling  plates.  Figure  VII-8  Is  a  photomicrograph  of  agglomerated 
Microthene  particles  on  the  wall  of  the  duct  part  of  the  chamber.  There¬ 
fore  in  another  test,  Microthene  treated  with  1$  PQ  2340  to  disperse  the 
agglomerates,  was  disseminated  in  the  same  manner  as  above.  But  sur¬ 
prisingly,  in  this  later  test,  fewer  particles  reached  the  settling  plates. 
Vet  the  particles  on  the  walls  and  bottom  of  the  duct  were  all  single 
particles  as  shown  in  Fig.  VII-&,  Obviously  some  force,  of  sufficient 
strength  to  negate  the  upward  air  flow  of  approximate!;'  7  cm/sec  (0.15  raph), 
caused  the  particles  to  be  attracted  to  the  walls  of  the  chamber.  This 
force  was  attributed  to  el ectro3trtic  effects. 
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FIG.  V1I-?  COMPARISON  OF  THEORETICAL  WITH  EXPERIMENTAL  SETTLING  PATTERN 
FOR  M1CR0THENE  IN  LAMINAR  FLOW  SETTLING  CHAMBER 


FIG.  VII -8  DEPOSITION  OF  UNTREATED  MICROTHENE  PARTICLES 
ON  DUCT  SECTION  OF  LAMINAR  FLOW  SETTLING 
CHAMBER 


F;  T.  VI I  —9  DEPOSITION  OF  TREATED  (W! TF  TT  PQ  2340) 
MICROTHENE  PARTICLES  ON  DUCT  SECTION 
OF  CHAMBER 
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b,  fflMl  Beads,  l-30jl 

Olac Miction  of  glass  beads  of  sizes  1-30ja  iu  made  under  tbs 
■mm  conditions  ss  Micro  then*.  And  libs  tbs  Hie rot hens,  only  s  snail 
percentage  reached  tbs  settling  pistes.  Therefore  it  appears  that  the 
glass  beads  were  also  influenced  by  electrostatic  forces. 

c.  Alunlxmm 

Because  of  the  Retail ic  nature  of  aluminum,  electrostatics 
should  be  lose  Influential  in  its  dissemination  than  with  the  other 
powders.  The  results  of  the  tests  are  plotted  in  Fig.  VII- 10.  There 
is  ■ owe  scattering  of  points  at  the  beginning  of  the  settling  plates 
(up  to  about  the  10  ca  Bark),  but  this  is  to  be  expected  since  the 
aerosol  is  progressing  from  a  mild  turbulent  stage  to  a  laalnor  one. 
However,  after  the  Initial  10  ca,  the  results  clearly  showed  that  the 
particles  settled  were  larger  than  thoae  predicted  froa  theory.  In 
general,  the  size  settled  was  1.0  to  l.Sfi  larger  than  the  predicted  size. 
There  is  no  obvious  explanation  for  the  discrepancy.  The  air  flow  through 
the  chamber  was  accurate  to  43.0$.  For  the  experimental  deposition  curve 
to  aatch  the  theoretical,  the  density  of  the  particles  mist  be  approxi¬ 
mately  0.6  gm/cc,  However,  the  bulk  density  of  the  aluminum  was  carefully 
checked  and  was  found  to  be  2,73  gm/cc.  The  density  was  also  checked  by 
Immersing  a  sample  of  the  powder  In  a  2.5  gr/cc  solution,  and  approximately 
90$  of  the  particles  settled  out.  It  Is  jwssible  that  the  5$  -  10$  of  the 
light  density  aluminum  particles  would  be  the  larger  sized  particles,  and 
this  snail  percentage  would  be  sufficient  to  shift  the  experimental  curve 
slightly  off  from  the  theoretical. 

K.  Discussion 

In  this  program  emphasis  was  placed  on  the  use  of  the  laminar  flow 
settling  chamber,  microscopic  counting  and  photography  of  falling  and 
settled  particles.  Although  thr  principle  of  operation  of  the  integrated 
settling  chamber  is  not  new,  ita  use  has  been  somewhat  confined  to  liquid 
sedimentation  analysis,  Bew'Ksn,  Seines  and  Puntureri  (1961)  were  among 
the  few  to  employ  the  technique  for  measuring  aerosols.  The  theoretical 
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FIG.  VU-W  COMPARISON  OF  THEORETICAL  AMD  ACTUAL  SETTLING  PATTERN  FOR  ALUMINUM 
IN  LAMINAR  FLOW  SETTLING  CHAMBER 


partial*  settling  pat  tore,  a*  determined  with  spheroidal  aluminum  par¬ 
ticles,  was  close  to  hut  did  not  quit*  match,  the  experimental  settling 
pattern.  Since  comparison  between  powder  treatment  is  nad*  on  a  relative 
basis,  th*  disagree — nt  between  the  theoretical  and  experimental  la  not 
of  great  significance.  These  methods  served  their  purpose  because  the 
scale  of  operation  was  small  and  it  vas  possible  to  work  with  reasonably 
representative  samples  of  the  entire  aerosol  population.  With  larger 
scale  aerosol  generation,  this  would  have  been  much  more  difficult. 

The  general  subject  of  aerosol  generation  and  assessment  covers  a 
vide  range  of  production  rates  from  a  few  tenths  of  a  gram  to  many  kilo¬ 
gram*  per  minute.  It  also  includes  closed  chamber  and  field  operations. 
The  methods  described  above  can  be  used  generally,  providing  precautions 
are  taken  to  assure  representative  sampling  and  to  account  for  electro¬ 
static  effects. 

electrostatic  charges  may  increase  the  coincidental  settling  effect. 
Knutson  (1985),  in  his  study  on  aerosol  reaggloseratlon,  noted  a  larger 
number  of  agglomerates  than  that  pr^Jicted  by  thecry,  He  attributed 
thir  increase  to  electrostatic  charges  on  the  settled  particles.  Owe  Berg 
and  Brunets  (1962)  performed  experiments  which  indicated  that  electro¬ 
statics  may  be  the  cause  of  the  anomaly.  They  sprayed  a  Mixture  contain¬ 
ing  carmine,  flowers  of  sulfur,  and  lycopodium  onto  a  glass  and  aluminum 
surface.  On  glass,  electrostatic  forces  mads  particles  settle  preferen¬ 
tially  on  already  settled  particles  of  tbe  opposite  polarity,  forming 
cbals-like  structures.  With  a  conductive  surface  such  as  aluminum,  *he 
patticles  lost  their  charges  when  they  settled  and  hence  the  yellow 
(flowers  of  sulfur)  and  red  (carmine)  particlet  were  all  separated  and 
randomly  distributed.  The  fact  that  particles  acquired  strong  charges 
w*a  evident  from  the  tests  mads  with  Wlcrothene  powder  in  the  laminar 
flow  settling  chamber. 
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VIII  DISSEMINATION  RESULTS 


A.  (too—  try  of  Disseminating  Devices 

There  are  strong  shear  forces  adjacent  to  the  veils  of  *  tube,  and 
when  air-suspended  agglomerates  pass  through  the  tube,  these  shear  stresses 
are  partially  responsible  for  disintegrating  the  aggloma rates  La to  Indi¬ 
vidual  particles,  the  magnitude  of  these  forces  is  discussed  In  Sect!.  •*  X, 
aud  as  indicated  there,  the  shear  forces  are  just  marginal  for  a^jlowerate 
brsaxup.  It  was  also  proposed  that  a  better  mode  for  breakup  would  be 
found  in  wall  impaction  forces,  and  calculations  in  support  of  this  theory 
are  presented.  In  this  section,  the  experimental  results  frow.  Investiga¬ 
tion  of  deagglo— rating  forces  " re  presented, 

1.  Effect  of  Tube  Length 

To  investigate  the  effects  of  tube  length  on  dissemination,  a  series 
of  tests  were  conducted  in  which  Mlcrothene  was  disseminated  through 
straight  capillary  tubes  cf  various  lengths,  it  was  reasoned  that  there 
should  be  some  optical*  length  of  tube  which  would  produce  the  maximum 
amount  of  deaggloaeratlon.  The  tubes  shown  is  Fig.  Vl-d,  the  six  foot 
vertical  chamber  in  Fig.  VI-10,  and  the  powder  feeder  disseminator  in 
Fig.  VI-6  were  used  for  these  testa.  TTie  aerosols  wrv  assessed  by  count¬ 
ing  the  number  of  particles  engaged  in  aggloaeration.  Pour  series  of  tests 
at  four  different  air  flows  were  made.  Only  the  dst*  for  the  20i/*in 
series  of  tests  are  given  in  Table  VIII-1  since  the  others  are  similar. 

The  results  of  all  series  are  given  in  Fig.  Viil-i. 

There  is  an  undesirable  scatter  of  points  probably  due  to  the  assess¬ 
ment  method;  however,  the  results  indicate  that  tube  length  is  of  some  im¬ 
portance  and  under  the  conditions  used  the  optimum  length  appeared  to  be 
about  15-20  ca  in  length.  The  curves  do  not  show  clearly  the  effect  of 
excessive  t  be  length  on  deagglomeratloe,  but  they  do  Indicate  rather  a  pa¬ 
cifically  U  at  tubas  of  lengths  shorter  th«n  10  cm  are  not  efficient  dis¬ 
seminators. 
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DiMraiXAYiQK  o?  masmjura 
TKROUOa  CAlOJLAfc?  TUBIi  07  VAMIQU*  yO«3THS 


Type  of 
Cspillary 

Tube 

Di  examination 
Conditions 

Aeroaol  Concen¬ 
tration  in  Tube 
gm  poeder/gj*  air 

$  Particle* 
Engaged  in 
Agglomeration 

0.19  c*  I.D. 

30.0  A/»in* 

0,011# 

71.5$ 

2.5  c*  length 

3.4  paig+ 

0.19  ca  I . D. 

5  c*  length 

30.0  l/mln 

3.9  paig 

0.0116 

57.5$ 

0.19  c*  I.D. 

30.0  l/mln 

0.01,16 

33.0$ 

10  c*  length 

8.3  pslg 

0,19  cm  l.n. 

13  c z  length 

30.0  i/mia 

9.3  psif 

0.0116 

33.0$ 

0.19  c*  r . D. 

CO  ci#  length 

2C.0  i/,-<  n 

8.7  peig 

0.0116 

35.0$ 

0. IS  ce  1,0. 

^  30  ca  length 

30.0  A/ air 

n.o  p«ig 

0.0116 

31.5$ 

|  0. IS  c*  l.D. 

20.0  t/m ia 

0,0116 

41.0$ 

[  40  css  length 

15.5  p«lg 

- — ....J 

_ _ 

*  Airflow  through  tub*. 

*  Pressure  ineidr  dleseeinet ion  be*. 


U# 


* 


occur® 


2 .  Impaction  Forces 

Ucsi0  ispactioa  of  tb«  particles  against  the  wall  of  the  tube 
‘ ®  straight  tube,  but  there  is  sore  impaction  lc  a  curved  tube.  TO 
ac'eatuat©  the  ispaction  of  particles  on  the  trails  of  the  tube,  the  dls- 
m. .-u  nation  tubs  teas  bent  into  coils.  These  colled  tubes  are  shown  in 
Fig.  VI-:?.  *■*«  series  of  tests,  using  aspirin  and  quinine  powders  were 

porfonsed  to  cosapare  the  effects  of  straight  and  colled  tubes  on  »«o- 
sol i cat ion. 

it.  Aspirin 

mtmmtmrn  111  ii  ii  «i  man* 

Aspirin  tablets  were  crushed  and  screened  to  obtain  50-100  micron 
granule?!.  These  granules  wore  rather  firstly  bound  agglomerates .  Since 
the  primary  particle  'Bisi?  could  not  be  measured  by  any  convenient  means, 
tho  agglomerate  sizes  were  measured,  and  this  was  done  by  "puffing1"  th© 
powder  down  the  100  cm  settling  chamber  and  sislng  the  settled  agglomerates. 

To  tost  the  various  straight  and  coiled  tubes,  the  vertical  six- 
foot  chamber  and  the  four-inch  powder  disseminator  were  used.  Dissemina¬ 
tion  conditions  are  given  in  Table  VTII-2  and  the  results  plotted  in 
Fig.  VI1I-2.  The  particle  size  distribution  from  the  "puffer"  system  is 
also  plotted  in  Fig.  VIII-2,  but  it  should  be  remembered  that  there  is 
considerable  difference  in  the  energies  applied  to  the  dissemination  be¬ 
tween  th©  puffer  and  the  aspiration  system. 

The  results  indicated  that  there  was  comparatively  little  dif¬ 
ference  in  the  aspirin  aerosols  resulting  from  the  straight  and  colled 
tubes.  The  "2~©oils,w  "4-coils”  and  "bugle"  shaped  tubes  gave  particle 
siee  distribution  curves  which  were  within  the  experimental  precision  of 
the  straight  tube  curve.  Bovnver  microscopic  observation  of  particles 
showed  that  there  was  a  email  difference.  The  aspirin  particles  from  the 
colled  tubes,  Fig.  VI I 1-3 ,  were  more  rounded  and  less  angular  than  those 
from  the  straight  tube,  Fig,  VI H- 4.  If  there  Is  any  significance  to  this 
observation,  it  suggests  a  greater  collision  frequency  in  the  coiled  tubes 
than  tn  the  straight  tube.  Also  included  is  the  else  distribution  curve 
from  dissemination  at  sonic  velocity,  and  in  this  case  there  was  a  sig¬ 
nificant  change  In  the  particle  sices. 
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ASIJOSOLI2ATIUS  OP  ASHRIK 
KSIGH  CAPILLARY  TOSS,!  OP  DIFVBRENl  UONKGl/RATIOKS 


Type  of 
Hillary 
Tube* 


j 30  c*  length 
!  straight 
!  copper  tube 
I 

|  30  css  length  tube 
formed  into  two 
3.2  css  dla  loops 
(2  colls) 

30  cm  length  tube 
formed  into  four 
1.6  cjs  dlt«  1  oops 
{  1  coils' 

30  cm  length  tube 
forward  into  three 
ciMptical  loops 
(’’bugle"  shaped) 


l 

| Sis seal action 
1  Conditions 


520  liter/ml n 
i  12.5  pslg 
I 

20  liter/min 
13.6  pslg 


20  iiter/ain 
14,6  psig 


20  liter/min 
13.9  pslg 


Aerosol  Concen¬ 
tration  in  Tube 
ga  porder/g*  sir 


0.0130 


0.0130 


0.0130 


0.0130 


Number  Median  Diameter 
from  Particle  Si a# 
Distribution  Curve 


15.0p 


16,  dp 


17. 5p 


15.  Op 


*  All  tubes  were  0.16  cm  internal  diameter. 
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GRANULAR  ASPr  N  DISSEMINATED  THROUGH 
COILED  TUBE  (0.16  cm  DIAMETER) 


b,  Quinine 

Thu  a&co ad  series  of  tests  to  compare  the  effect  of  straight  ana 
coiled  tubes  w<ts  porfomeet  bobs®  nine  tooths  after  the  first  series.  In 
tfea  Interval  a  s®v  assessment  technique;  the  lasdna?  flow  settling  chamber 
was  installed  for  aerosol  evaluations,  For  this  aeries,  the  'Vrae-eo.il" 
tube  was  used,  The  coiled  tube  was  patterned  after  the  one  employed  by 
Fuchs  and  Selin  (1584 )  is  their  study  of  pneumatic  atomization.  The  in¬ 
ternal  diameter  of  our  coiled  tube  was  0.19  c»  fend  tbs  coil  formed  at  the 
end  of  the  tube  was  3.0  cm  in  diameter.  In  all  of  the  results  that  follow, 
the  ’’coiled  tube"  referred  to  in  the  text  specifically  refers  to  this  par¬ 
ticular  coiled  tube. 

Because  quinine  cars  bo  analyzed  easily  by  fluorometric  moans, 
it  was  selected  for  use  in  thase  testa.  The  quinine  alkaloid,  as  received, 
existed  in  the  form  of  agglomerates  too  large  to  be  used.  It  was  ground 
in  an  Osterizer  Blendor  ia  the  presence  of  1$  PQ  2340  fee  reduce  ths  par¬ 
ticle  size.  Some  grinding  occurred,  but  many  large  particles  still  existed, 
in  one  case  it  was  desirable  to  remove  the  large  particle*  ,  and  this  was 
accomplished  with  a  double-disc  separator  £■ -scribed  in  Section  V,  The 
fine  fraction  from  the  separation  is  designated  as  "fine  quinine." 

Quinine  wan  disseminated  upward  into  t-e  laminar  flow  settling 
chamber  and  analyzed  according  to  the-  procedure  given  in  Section  YII-B-5, 

The  dissemination  conditions  are  given  in  Table  VXII-3,  and  the  data  plotted 
in  Fig,  VIII-S  are  the  integrated  sasg  «j  siribsiiton  results.  Figure  Vi it  9 
shows  the  differentiated  particle  size  distribution  curve,  obtained  by 
drawing  tangents  to  the  curves  of  Fig.  VIXI-5. 

The  mass  distribution  curves  clearly  indie-aued  that  the  coiled  tube 
was  a  aoro  effective  disseminator  than  the  straight  tube.  Good  comparative 
tests  are  Huns  11  and  09  in  which  the  PQ  2340  treated  quinine  was  dissem¬ 
inated  through  the  straight  and  colled  tubes,  respectively,  at  nearly  sonic 

,  4  , 

velocity  t.2,9  x  10  cm/seej.  the  curved  tube  generated  aerosol  particles 
which  arc  smaller  than  those  produced  by  the  straight  tube.  For  example, 
at  the  40  cm  mark  or-  the  plates  ,  Run  09  allowed  GO  i  of  the  part  idea 


14  4 


FIG  VHI-5  CUMULATIVE  MASS  ANALYSIS  Of  GUININE  FOUND  ON  SETTLING  PLATES  AS  A  FUNCTION 
OF  PLATE  DISTANCE 
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0  10  20  30  «  SO  «C  *0  80  90  ICO  HO  120  IJO  WO  150  !W  170  180  no 

0*  j  ■<v'ce  5 titling  Pto?«s,cm 

FIG.  VI i i ~6  CUMULATIVE  MASS  DISTRIBUTION  CURVES  RjR  QUININE  ON  SETTLING  PLATES 
Differentiated  graphically  from  experiment!!  reiolf*  clotted  in  Figure  V!H"5 


bad  aerodynamic  diameter  smaller  than  8. 2y. ,  while  In  Sun  11,  only 
46$  of  the  particles  were  smaller  than  8.2^. 


In  another  comparison,  Run  05  and  OS,  the  straight  tube  used 

2  2 

in  Run  03  had  a  larger  bore  (0.0284  ca  compared  to  0,019  cm  );  con¬ 
sequently  in  Run  05  it  was  necessary  to  use  a  higher  disseminating 
pressure  and  a  larger  flow  volume  to  produce  the  same  air  velocity  as 
used  in  Run  08.  These  manipulations  also  resulted  in  a  lower  powder/ 
air  ratio.  As  indicated  elsewhere  in  this  report,  a  higher  air  pressure, 
a  larger  air  velocity,  and  a  smaller  powder/air  ratio  contributed  to 
better  aerosolization.  But  dispite  tho  favorable  dissemination  condi¬ 
tion^  for  the  straight  tube  run,  05,  the  coiled  tube  run,  08,  gave  the 
smaller  sized  aerosol. 

The  final  comparison  was  made  with  the  fine  frac  ion  of  quinine, 
disseminated  under  similar  conditions.  The  coilea  ube  run,  Run  12, 
produced  a  much  smaller  aerosol  than  the  straight  tube.  At  the  40  cm 
mark,  72$  of  the  part.v.lea  had  an  aerodynamic  diameter  smaller  than 
6.2p,  whereas  Run  14  gave  only  63$  smaller  than  6.2a. 


Figure  VIII-7  shows  the  actual  particle  size  distributions  for 
the  various  tests  plotted  on  log-probability  pap*»r.  The  distance  on  the 
plates  was  translated  into  aerodynamic  particle  size,  assuming  a  density 
Of  1.0  gm/cc. 


Another  series  of  comparison  tests  clearly  showed  that  a  coiled 
tube  was  a  more  effective  aerosol  disseminator  than  a  straight  tube.  The 
first  series  of  tests  with  colled  tubes  having  multiple  turns  failed  to 
reveal  any  differences  between  straight  and  coiled  tubes.  However,  the 
first  aeries  was  performed  on  a  different  powder,  with  a  different  assess- 


•aent  techa;  put*  and  with  different  tubes.  It  was  suspt-.  ted  that  the  older 
assessment  tu@»hod  was  insufficiently  sensitive  to  detect  the  di f fe.ences  . 
but  then  again  the-  other  factors— di f fereot  powder  and  different  tubes — 


c ■--- vi  1  d  ala o  cent  r  1  h u i  e  to 
coil,  «$  pointed  out  by 


cause.  Certainly  the  size  and  shape  of  the 
and  Selin  is  important  for  op-tsmu* 


-,e  coiled 


■j  t>e . 


3 '  — -  •  -Air  Velocity  oa  Dissemination 

rue  first  series  of  teats  on  the  effect  of  sir  velocity  ess  made  with 
aspirin  powder  using  the  sal  a; -foot  vertical  chamber.  A  straight  tube, 
o.jy  on  m  diameter  x  20  cm  long  was  used  for  all  these  rune.  The  condi¬ 
tion,  tor  dissorainatlon  and  the  results  of  the  size  analysis  of  the  aerosols 
are  {,:iven  in  Table  VJII-4  ami  Pig.  VI 1 1-8.  Ao  expected,  finer  aerosols 
were  produced  at  higher  air  velocities.  Some  generalization  between  aero- 
Keii ration  and  air  velocity  were  obtained  by  plotting  the  number-raaan- 
diamoter  vs.  Reynolds  nutaber.  Ibis  is  shown  in  Pig.  VIII-9.  and  it  is 

t 

yeen  that  a  linear  relationship  between  the  two  exists.  Thus  for  aspirin 
powder,  the  direction  of  change  in  size  of  aerosol  produced  can  be  predicted 
from  knowledge  of  the  disseminating  velocity. 

Another  series  of  tests  was  made  with  untreated  Microthene  using  the 
same  dissemination  set-up  as  above.  Assessment  was  performed  by  counting 
the  particles  in  agglomeration  rather  than  by  sizing.  The  results  are 
shown  in  fable  VTIX-5  and  Fig.  VIII-10,  There  is  a  linear  decrease  in 
agglomeration  with  Increasing  Reynolds  number.  The  Microthene  powder  was 
nearly  completely  disseminated  (only  lO^G  in  agglomeration)  at  Reynolds 
number  of  26,000.  Strong  electrostatic  effects  with  Microthene  were  not 
observed  in  these  experiments  as  they  were  in  the  laminar  flow  settling 
chamber  (see  Section  VII-D-6).  This  may  have  been  due,  in  part,  to  the 
larger  cross  section  of  the  vertical  section  of  the  chamber. 

To  explore  further  the  effect  of  air  velocity,  a  third  series  of 
teats  was  made,  using  the  identical  dissemination  set-up  except  in  this 
case  .Microthene  treated  with  1$  PQ  2340  was  the  experimental  powder.  The 
result,  Fig.  vixi-11,  showed  a  substantial  change  in  the  agglomeration 
tendency  of  Microthene,  At  Reynolds  number  of  4000,  nearly  all  the  Micro- 
thcao  was  deagglosorated  (approximately  5$  in  agglomeration)  and  although 
increases  in  air  velocity  provided  additional  deagglomeration,  the  ensuing 
changes  were  small.  Thus,  for  treated  Microthene  the  effect  of  air  veloc¬ 
ity  s«  loss  important  than  for  the  untreated  powder.  The  effect  of  additive 
o  ;  sn  ru-joi liability  is  discussed  further  in  Section  VXII-B,  but  it  la  ob- 
vi.mirt  that  powder  modification  can  substantially  improve  the  ease  of  powder 
I ieu.nl uat  ion  in  the  case  of  Microthene. 


130 


Best  Available  Copy 


DISSEMINATION  OF  ASPIRIN  FOWDEK 
THROUGH  A  STRAIGHT  CAPILLARY  TLrBE  AT  '  'MUCUS  FLOWS 
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PARTICLE  Size  DISTRIBUTION  OF  ASPIRIN  DISSEMINATED  THROUGH  A 
0.91  r  ,  DIAMETER,  30  cm  LENGTH  TUBE  AT  VARIOUS  AIR  FLOW 


Best  Aval 


Mean  Diameter 


Table  VIII-5 

DISSEMINATION  OF  MICROTHENE  THROUGH  A  STRAIGHT 
CAPILLARY  TUBE  AT  VARIOUS  AIR  FLOWS 


Type  of 
Capillary 
Tube 

Dissemination 

Conditions 

Aerosol  Concen¬ 
tration  in  Tube 
gm  Powder/gm  Air 

$  Particles 
Engaged  in 
Agglomeration 

Reynolds 

Number 

Straight  Tube 

0.19  cm  dia 

20  cm  length 

6.0  X/min 

1.2  psi 

0.0142 

43.  4$ 

4,700 

0.19  cm  dia 

20  cm  length 

13,7  X/min 

5.0  pci 

0.0067 

40.0$ 

10,800 

0.19  cm  dia 

20  cm  length 

20.0  X/ min 

8.1  psi 

0.0132 

32.1$ 

15,700 

0.19  cm  dia 

20  cm  length 

25.0  X/min 
13.0  psi 

0.0248 

19.3$ 

19,700 

0.19  cm  dia 

20  cm  length 

30.0  X/ min 
16.0  psi 

0.0207 

16.2$ 

23,600 

%  of  Total  Particles  Engaged  in  Agglomerbtion 


Air  Flow,  //mih 


FIG.  Vlll-ll  THE  PERCENT  AGGLOMERATION  OF  ADDITIVE-TREATED  MICROTHENE 
AT  VARIOUS  AIR  VELOCITY 
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Effect  of  Powder/Air  Ratio  Used  in  Disaemlnation 


The  first  series  of  tests  on  the  effect  of  powder/air  ratio  was  made 
with  Microthene  in  the  six-foot  vertical  chamber.  A  straight  tube, 

C. 19  cm  in  diameter  x  20  cm  length  was  used.  The  powder/air  ratio  wrs 
varied  from  0.186  go  powder/gw  air  to  0.00128  gra  powder/ gm  air.  The  data 
are  given  in  Table  VTII-6  and  plotted  in  Pig.  VUI-ia.  The  lowest  number 
of  Microthene  particles  engaged  in  agglomeration  was  obtained  with  the 
smallest  powder/air  ratio.  At  0.00128  gm  powder/gm  air,  only  15$  of  the 
particles  were  agglomerated.  There  is  a  steady  increase  in  agglomeration 
with  increasing  powder/air  ratio  in  the  interval  from  0.001  to  0.01  gm 
powder/gm  air.  At  greater  ratios  the  fraction  agglomerated  remained 
steady,  and  there  was  xattle  Increase  in  Microthene  agglomeration  in  the 
range  0.01  to  0.1  gm  powder/gm  air. 

Tests  were  also  made  with  quinine  powder  on  the  effect  of  powder/air 
ratio.  The  powder  was  disseminated  through  the  aingle-coil  tube  and 
assessed  with  the  laminar  flow  settling  chamber.  The  differentiated  mass 
distribution  curves  shown  in  Fig.  VI I I- 13  for  Run  18  and  Run  20  revealed 


Table  VI I 1-6 

DISSEMINATION  OP  MICROTHENE  THROUGH  CAPILLARY  TUBES 
AT  VARIOUS  AEROSOL  CONCENTRATIONS 


Type  of 
Capillary 
Tube 

- - - — .  i 

Dissemination 

Conditions 

Aerosol  Concen¬ 
tration  in  Tube 
gm  Powaer/gm  Air 

$  Particles 
Engaged  in 
Agglomeration 

Reynolds 

Number 

0.19  cm  dia 
20  cm  length 

30.0  //min 
16.3  psi 

0,00128 

14.9$ 

23,600 

C.*9  cm  dla 
*0  cm  Icu&Tn 

13.0  //rain 
n.4  pal 

n.00256 

3C.8$ 

11,800 

0. 19  cm  dia 
20  cm  length 

13,0  i/rain 

5.4  psi 

0.0106 

47.9$ 

11,800 

0, 18  ora  dia 
20  cm  length 

15. C  //min 
3.4  pal 

0.0412 

48.6$ 

11,800 

0.19  cm  dia 
20  cm  length 

15.0  //min 
5.4  psi 

0.0S22 

46.8  $ 

11,800 

0.19  m  dla 
20  cm  length 

7.3  //min 

1.7  pal 

0,160 

54,8$ 

5,750 

Aorotol  Conc$ntroUan  in  Copillory  Tut*  (9m  pom*vfyno  'w) 


FIG.  VIII-12  AGGLOMERATION  OF  MICROTHENE  AFTER  DISSEMINATION  THROUGH 
0.19  cm  DIAMETER,  20  cm  LENGTH  TUBE  AT  VARIOUS  AEROSOL 
CONCENTRATION  (GM  POWDER/GM  AIR) 


Cumuotiva  W tight  %  Outturn 


an  obvious  advantage  to  lower  powder/air  ratios*  At  a  ratio  of  0.001  gw 
powder/gm  air,  Run  18,  the  aerosol  contained  84$  of  the  particles  having 
aerodynamic  diameters  equal  to  or  less  uitn  aG^a,  whereas  with  a  ratio  of 
0.0217  ga  powder/gm  air,  only  74$  of  the  particles  were  equal  to  or  less 
than  IO4.  The  data  again  indicates  that  small  powder/air  ratios  favor 
more  complete  diaseal nation.  The  obvious  conclusion  is  that  re agglomera¬ 
tion  of  the  aerosolized  particles  is  a  significant  process,  and  must  be 
given  serious  consideration  In  the  design  of  any  dissemination  tests. 
Further  discussion  of  the  mechanics  of  the  reagglomeration  process  is 
given  in  Section  X-D. 

B.  Effect  of  Powder  Modification  on  Aerosol lzatlon 

There  were  several  objectives  for  the  study  of  powder  modification, 
auch  as  flowability,  bulk  density,  storage,  etc.,  but  the  primary  objec¬ 
tive  was  to  improve  the  aerosolizability  of  a  powder. 

1.  Effect  of  Additives 

It  is  common  practice  in  industry  to  use  millimicron-size  particles 
to  modify  the  physical  and  chemical  properties  of  bulk  powders,  .^ese 
particles  have  oeen  defined  by  various  investigators  as  free-flow  agents, 
powder-conditioning  agents,  additives,  anti-caking  agents,  fluidizing 
agents,  etc.  To  avoid  confusion,  the  various  agents  are  all  categorized 
as  additives  throughout  this  report. 

For  some  powders,  the  effect  of  ad"  «  '-amatic,  not  only  in 

.he  flow  properties  ot  the  powders,  but  also  in  tnelr  aerosolizabilitles. 

¥111-14,  VIII-15  and  VXII-16  of  uutteated  and  treated  Microthcne , 
saccharin  and  feldspar  respectively  show  qualitatively  how  additives  can 
affect  aeroaollzablllties.  The  powders  were  distet inated  by  the  "puffer’ 
and  allowed  to  settle  in  the  100  cm  chamber. 

More  quantitative  data  on  the  effect  of  additives  are  given  h'low. 

Samples  of  saccharin  treated  with  1$  Eaterell  additive  and  with  1 4 
PQ  2340  were  disseminated  with  the  "puffer"  in  the  100  cm  settling  chassber. 
Samples  were  collected  on  microscope  slides  during  the  intervals 
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FIG.  VHJ-UF  MtCROiHENE,  TREATED  WITH  5*  vDOl TIVE. 
An'D  DISSEMINATED  AS  ABOVE 
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FIG.  VI li  —  16b  FELDSPAR  TREATED  WITH  )%  PQ  2340, 
DISSEMINATED  AS  ABOVE 
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FIG.  VI I! -16a  UNTREATED  FELDSPAR,  DISSEMINATED 
IN  ‘‘PUFFER’’  SYSTEM 


12-00  seconds,  60-300  seconds,  end  300-900  second*  from  the  time  of  dis¬ 
semination.  The  number  of  particles  sad  agglomerates  per  square  ntllliaeter 
on  the  slides  was  then  counted. 


The  date  in  Table  VI 1 1-7  *how  that  saccharin  treated  with  H&tersil 

2 

and  with  PQ  2340  produced  763  end  1050  particles  per  os  respectively, 

2 

while  the  untreated  particle#  yielded  only  253  particles  per  a®  .  For 
the  se»e  weight  of  powder  disseminated  the  larger  number  of  particles 
per  square  millimeter  obtained  with  the  treated  powder  was  taken  to  be 
indicative  of  '  tter  dissemination  than  the  smaller  number  obtained  with 
untreated  powder.  Thu*  the  data  indicate  a  three  and  fourfold  increase 
in  the  number  of  particles  aerosolized  at  low  energy. 


Tabic  V*' 

DISSEMINATION  OF  SACCHARIC  2ATBD  MD  ^KTRKATED  AT  LOW  ENERGY 


Slide 

No. 

Sample 

—  — 

Tiee  ^pece) 

Number  of 
Parti  cl  es/nan^ 

Total  Number 

** 

Partlcles/ana 
for  Time 
12-600  secs 

175 

Untreatej  sacchtrin 

14-60 

102 

176 

Untroat  >j  **  cl  *rin 

SO-  300 

102 

253 

177 

Untre_ceo  ::.>cehir in 

300-600 

49 

179 

Saccharin  v.  1  i  il 

13-90 

249 

180 

Saccharin  w«  if  Ei't'-i  all 

60-  0 

413 

763 

181 

Saccharin  w,  l4-  Esi  urail 

300-600 

101 

184 

Saccharin  w,  if,  FQ  2340 

12-60 

358 

185 

Saccharin  w.  if  PQ  2340 

60-300 

402 

1050 

136 

Saccharin  w.  if  PQ  2340 

300-000 

390 

The  method  of  rating  the  powder  by  counting  the  nuaber  of  settled 
particles  did  not  properly  weight  large  agglomerates  that  settled  first 
and  had  a  large  mss  compared  to  individual  particles.  In  another  series 
of  testa  similar  to  ehe  above,  powders  were  used  which  could  be  analyzed 
for  their  mass.  Rhodamine  8  and  quinine  powders  were  selected  because 
they  were  readily  available  and  because  they  could  be  detected  in  small 
quantities  by  fluororaetric  analysis. 


Ihe  selection?  of  the  sdditives  arbitrary,  although  th»  ««»» 
selected  had  been  sff« ctive  iu  reducing  the  agglomeration  of  other  powders. 
Rhodasine  B  was  tested  with  5$  of  Cab-0-811  and  with  5$  PQ  234Q  to  compare 
a  hydrophilic  additive  with  a  hydrophobic  one  (PQ  2340).  Quinine  was 
treated  rith  5$  Organ- 0-Sil .  Dissemination  of  the  powders  was  performed 
as  shove.  Settled  particles  on  the  microscope  elides  were  dissolved  and 


the  mass  determined  with  a  fluorl&eter.  The  results  are  tabulated  in 
Table  VIII-8. 

Table  YTII~8 

DISSEMINATION  OF  HHODiUCKE  AND  QUININE  AT  LOW  ENERGT 


|  Powder 

Sampling 

Time 

Seconds 

Weight  of  Dye 
Deposited 
on  Slide 
(mierogram/cm^ ) 

. . . ■-. 

Weight  Percent  of 
Dye  Deposited  on 
Slide,  Normalized 

Weight  Percent^ 
Deposited  in 
Time  interval 
13-600  cecs 

Rhodamine 

0-12 

15.5 

49$ 

51$ 

Untreated 

12-60 

8.  S 

22$ 

60-300 

7.2 

23$ 

300-800 

1.9 

6$ 

Rhodamine 

Q-12 

7.2 

15$ 

85$ 

&  5$ 

12-60 

15.0 

3C$ 

Cab- 0-311 

60- 300 

22.7 

*o$ 

300-600 

4.3 

9$ 

Rhodamine 

0-12 

12.3 

10$ 

S0$ 

<&  5$ 

12-80 

37.5 

29$ 

PQ  2340 

80-300 

67.0 

52$ 

300-800 

11.2 

9$ 

Quinine 

0-12 

38,2 

70$ 

30$ 

Untreated 

12-60 

26.7 

21$ 

60-300 

8.0 

7$ 

300-600 

2.7 

4 

Quinine 

0-12 

20.6 

30$ 

■4 

O 

-rfa. 

&  5$ 

12-60 

40.0 

58$ 

0rgan-0-3il 

60-300 

5.9 

9$ 

300- eoo 

2.4 

3$ 

The  quantity  of  powder  found  in  the  time  intervals  0-12,  12-80, 
60-300  and  300-800  secs  are  tabulated  in  columns  three  and  four,  Column 
four  gives  tn®  mass  analysis,  normalized,  It  is  seen  That  ior  the 
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untreated  powders,  50$  of  the  rhodamine  B  and  30$  of  the  quinine  remained 
airborne  after  the  first  13  seconds.  For  the  treated  powders,  85-90$  of 
the  rhodamine  and  70$  of  the  quinine  were  airborne  after  12  seconds,  thus 
indicating  that  the  additives  were  effective  In  causing  more  particles 
to  remain  airbor  mo  *or  a  longer  period  of  time. 

In  Sect.,  a  V-D,  measurement  of  the  bulk  properties  of  powders  such 
as  angle  of  repose,  adhesion  and  vlscoslmetry  indicated  that  there  was  an 
optimum  amount  of  additive  (approximately  1$)  which  produced  a  desired 
effect.  Therefore,  It  was  not  unreasonable  to  hope  that  a  similar  rela¬ 
tionship  could  be  found  between  the  amount  of  additive  end  the  aerosollz- 
ability. 

To  explore  the  above  possibility,  Microthene  containing  0.0$,  0.1$, 
0.4$,  0.7$,  1.0$,  1.5$  and  3.0$  PQ  2340  was  disseminated  using  the  puffer 
system.  The  particles  and  agglomerates  were  allowed  to  fall  onto  glass 
slides,  and  the  slides  assessed  by  counting  the  number  of  particles  in 
agglomerates.  These  curves  are  shown  In  Fig.  VIII-17,  The  curves  fell 
into  the  distinct  groups  representing:  1)  highly  agglomerated  powder, 
occurring  with  untreated  powder,  2)  medium  agglomerated  powder,  occupied 
by  the  0.1$  and  3.0$  additive  powders,  and  3)  the  less  agglomerated  powder, 
occupied  by  the  1.0$,  1.5$,  0.4$  and  0.7$  powders.  The  data  showed  that 
small  and  large  amounts  of  additive  (0.1$  and  3.0$)  provided  some  reduc¬ 
tion  in  the  agglomeration  of  untreated  Microthene  But  the  greatest  re¬ 
duction  occurred  with  amounts  near  the  1$  level.  For  example,  if  a  line 
is  drawn  across  the  curve  at  the  10-particle  size  agglomerates,  and  if  the 
total  number  of  particles  engaged  in  agglomerates  of  10  or  less  particles 
is  plotted  against  the  percent  additive,  a  curve  peaking  at  1.0$  additive 
is  obtained  as  in  Fig.  VIII- 18,  A  different  curve  could  have  been  obtained 
by  drawing  a  line  at  the  30-particle  or  70-particle  agglomerates  level  in 
Fig.  VIII-17,  but  in  general,  the  curves  indicate  that  Microthene  contain¬ 
ing  approximately  1$  PQ  2340  was  the  least  agglomerated  mixture  when  dis¬ 


seminated  at  low  energy.  This  was  approximately  the  same  concentration 
of  additive  that  produced  the  smallest  angle  of  repose  as  described  in 
Section  V-D. 


i. 


Number  of  Particles  In  An  Agglomerate 


FIG.  VIII  — 17  CURVES  SHOWING  SIZES  OF  AGGLOMERATES  OF  MICROTHENE 
FOR  DIFFERENT  CONCENTRATIONS  OF  PQ  2340  DISSEMINATED 
AT  LOW  ENERGY 
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FIG.  VIII-18  CURVE  RELATING  PERCENT  AGGLOMERATES  AND  PERCENT  ADDITIVE, 
FOR  10-KAKTlU.C  SIZE  AGGLOMERATES.  Data  takon  from  Fio.  Vtll-17 


To  explore  the  efl  ct  of  higher  diseeminati&a  energy  on  the  de¬ 
agglomeration  of  additives ,  Micro? hene  containing  0.0$,  0.1$,  0.5$,  1.0$, 
3,0$,  5,0$  and  7,0$  PQ  23W)  was  disseminated  at  an  air  velocity  of 
11,700  cm/sec  through  a  0.19  cm  diameter,  20  cm  long  brass  tube  into  the 
six-foot  vertical  settling  box. 

Slides  were  laid  on  the  bottom  of  the  chamber  to  collect  the  particles 
and  agglomerates.  From  these  elides,  the  number  of  particles  engaged  In 
agglomeration  were  counted  and  the  results  plotted  in  Fig.  VI1I-19.  It 
can  be  seen  that  the  optimum  concentration  of  additive  lies  around  Q.5$- 
1.0$.  This  is  almost  the  same  concentration  of  additive  that  produced 
the  least  agglomerated  powders  when  disseminated  with  the  low  energy 
puffer  system.  It  Is  likely  that  the  higher  energy  used  for  dissemina¬ 
tion  in  these  later  tests  obscured  the  agglomeration  tendency  of  the  mix¬ 
tures  containing  5$-7 $  additive  by  completely  deagglomeratlng  them. 

It  had  been  suggested  that  small  turbulent  air  cells  would  assist 
in  breakiug  up  small  agglomerates  In  the  dissemination  tube,  and  a  pos¬ 
sible  method  of  generating  small  turbulent  cells  was  to  disseminate  large 
heavy  particles  in  an  air  stream  along  with  the  powder. 

Mixtures  of  Microthene  containing  10$,  30$,  50$  and  95$  by  weight 
tungsten  spheres  (60  micron  MB);  density  19.3  gm/cc)  were  disseminated 
upward  through  a  0.19  diameter  tube  at  20  liter/min.  The  percentage  of 
particles  engagsd  in  agglomeration  was  deterraincJ  by  counting  the  number 
of  Microthene  particles  attached  to  each  other.  Figure  VIII-20  shows  the 
results  of  this  study.  The  percentage  of  agglomeration  varied  only  slightly 
with  the  amount  of  tungsten  added,  from  33$  to  43$.  Untreated  Microthene 
had  35$  to  45$  of  the  particles  engaged  In  agglomeration  under  identical 
flow  rates;  therefore,  tha  effect  of  the  tungsten  on  the  deagglomeration 
of  Microthene  was  minimal. 


The  10$  tungsten- 90$  Microthene  mixture  was  also  disseminated  at 

I-/ 

varle**s  sir  flows,  10  liter/min,  20  liter/min,  and  *0  liter/min.  TL  re*-  ! 

suits  shown  In  Fig.  VI1I-21  were  not  sufficiently  conclusive  to  proceed  \ 

further  with  this  approach.  ■ 
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%  of  Total  Particles  Engaged  in  Agglomeration 


XPQ  2340  Added 

FIG.  VI II- 19  THE  AGGLOMERATION  TENDENCY  OF  MlCROTHENE  TREATED  WITH  VARIOUS 
PERCENTAGE  OF  PQ  2340  ADDITIVE  AND  DISSEMINATED  DY  A 
RELATIVELY  HIGH  ENERGY  SYSTEM 


of  To fof  Particles  Engaged  in  Agglomeration 


%  Tungsten  By  Weight 

Ff G  Vi i I  —  2D  THE  EFFECT  OF  VARIOUS  CONCENTRATION 
TUNGSTEN  PARTICLES  160m  P»A)  ON  THE 
DE AGGLOMERATION  OF  MICROTHENE 
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%  of  Total  Particles  Engaged  in  Agglomeration 


Air  Flam,  //min 


F.'C  Vlii-2?  AGGLOMERATION  OF  MlCROTHENE  CONTAINING 
"UNGSTtN  SPHERES  WHEN  DISSEMINATED 
AT  VARIOUS  AIR  FLOWS 
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2.  Oogpariaoa  of  Additive* 

The  aerosolizsbllity  of  ficdurlD  r»d  tested  with  three  Additive*  to 
obtain  no Me  comparison  between  the  effects  of  different  additives.  The 
additives  are  all  allliaicron  size  silica  particles,  t. nd  they  have  dif¬ 
ferent  physical  and  surface  properties.  The  additive,  PQ  2340  was  chosen 
because  it  use  the  nost  negative  of  the  silica  additives  tested,  as  deter¬ 
mined  by  electrostatic  *eats  in  Section  IX,  and  Organ-O-sn  was  selected 
because  it  was  the  most  positive.  Csb-0-311  was  tested  because  it  is 
bydiophillic,  in  contrast  to  the  other  two  which  are  hydrophobic,  and  be¬ 
cause  it  has  been  enployed  extensively  by  other  Investigators.  All  the 
treated  powders  contained  l'l  additive. 

The  saccharin  mixtures  v«re  d4sjeainated  with  the  puffer  system  in 
the  100  cm  chamber.  During  the  assessment,  it  was  found  that  the  physical 
shape  of  saccharin  made  it  difficult  to  distinguish  a  multi-particle  ag¬ 
glomerate  from  a  large  primary  particle.  Consequently,  for  these  tests, 
no  distinction  was  made  between  it!  '^glomerate  and  a  single  particle,  and 
all  agglomerates  were  counted  as  single  particles.  Since  equal  weights 
of  the  powders  were  disseminated,  the  greater  the  number  of  particles 
found  on  the  deposition  slide,  the  better  the  aerosol. 

The  results  are  tabulated  In  Table  VIII-9  below.  In  teras  of  the 
mmber  of  particles  counted,  all  the  powder  with  additive  gave  a  better 
aerosol I zablllty  than  powder  without.  The  improvement  in  aerosolizablllty 
was  obvious  from  merely  observing  the  part  tele- agglomerates.  Figures  ¥111-22, 
VI12-23,  VTII-34,  sad  VIII-25,  are  photomicrographs  of  the  untreated,  Cab- 
O-Stl  treated,  0r**;-0-6il  Table  VIII-9 

treated  and  PQ  2340  treated 
particles.  Turn  these  pictures, 
the  PQ  2340  treated  powder 
yielded  the  largest  number  of 

3 

particle*/ am  ,  and  consequently, 
the  email eat  lse  particles. 

The**  results  showed  the  types 
of  additive*  which  wre  most 
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beneficial  with  saccharin.  It  does  not  follow  that  the  best  additive 
for  saccharin  would  be  the  best  for  so®e  other  material. 


Effect  of  Particle  Size  and  Shat 


Theory  dictates  that  the  stress  required  to  separate  fine  particles 
Is  greater  than  that  required  to  seoarate  coarse  ones.  A  few  simple  ex¬ 
periments  were  designed  to  verify  the  theory.  This,  was  done  by  ^electing 
particles  of  nar-ovt  size  ranges  and  subjecting  them  to  dissemination  under 
identical  conditions  and  then  observing  the  relative  aerosol izat ion  of 
each  size.  This  was  accomplished  with  spherical  glass  beads  which  had 
beeu  classified  into  five  size  ranges:  greater  than  18p,  18-12p,  12-9;.,, 
3-5p,  and  less  than  5p.  The  double-disc  air  classifier  described  in 
Section  V  was  used  for  classifying  the  beads. 


At  large  riisaemi nation  energy,  all  the  beads,  including  the  smallest 
fraction,  were  nearly  100-t  aerosolized.  To  observe  the  agglomeration 
tendency  it  was  necessary  to  use  low  energy  for  dis~erainati  on.-  Thus  the 
beads  were  disseminated  using  the  ’’puffer"  system  and  the  100  cm  settling 
chamber.  The  extent  of  agglomeration  for  the  live  fractions  of  beads  are 
given  in  Table  VIII-10  below.  The  data  indicated  an  increase  In  agglomera¬ 
tion  with  decreasing  particle  size.  In  this  assessment  technique,  each 
agglomerate  irrespective  of  number  of  beads  attached,  was  counted  as  one 
agglomerate,  but  identification  of  agglomerates  by  niimber  without  a  de¬ 
scription  of  agglomerate  ^ize  does  not  reveal  the  full  extent  of  agglomera¬ 
tion.  For  example,  the  agglomerates  in  fractions  greater  than  ISu.  and 

18-12p  consisted  mainly  of  two 
sobering  particles,  whereas  ag¬ 
glomerates  in  fractions  less  than 
5 p  ana  y-op  were  made  up  of  three 
or  f i ve  or  even  20  particles. 
Consequently,  the  weight  frac¬ 
tion  of  agglomerates  in  the 
smaller  particle  sizes  was  ac¬ 
tually  greater  than  that  tabu¬ 
lated,  Nevertheless,  the 


result*  showed  that  particle  sizes,  even  in  a  very  narrow  size  range  of 
Sp,  to  18m  played  an  important  part  In  lta  agglomeration  tendency. 


TO  explore  the  effect  of  particle  shape,  a  comparison  between  ir¬ 
regularly  shaped  quartz  powder  and  glass  beads  war  made.  The  quartz 
powder  was  classified  into  the  same  Stokes  class  sizes  using  the  same 
machine  setting  as  was  used  for  glass  beads.  The  same  weights  of  quartz 
powder  and  glass  beads  were  disseminated  under  identical  conditions.  The 
results  in  Table  VIII-11  showed  that  quartz  powder  produced  fewer  agglom 

erates  (approx.  10$)  than  the  gj.ags  beadB  (approx.  42$).  For  identical 

2 

weights,  the  quartz  powder  yielded  847  particles/ana  to  the  bead* 3 
2 

81  part icles/mm  ,  a  factor  of  more  than  ten.  If  the  corresponding  size 
fractions  of  quartz  and  beads  contained  equivalent  numbers  of  particles, 
then  the  data  indicated  that  the  quartz  powder  is  the  more  easily  aero- 
solizabie  powder.  The  two  materials  have  the  same  specific  density,  thus 
the  difference  in  aerosolizabillty  may  be  attributed  to  the  particle  shape, 


Table  VIII-11 

DISSEMINATION  OF  QUARTZ  POWDER  AND  GLASS  HEADS 
TO  COMPARE  THE  EFFECT  OF  PARTICLE  SHAPE  ON  AEROSOLIZABILITY 


Sample 

No.  of  Particles 
per  mm 

- - 

Agglomerates 
per  tma 

r*~ - ■ - - - “■ 

$  Agglomerate 

Quartz 

S-5p,  dia. 

341 

46 

13$ 

Quartz 

12-8u  dia. 

266 

34 

Xli 

Quartz 

18~12p,  dia. 

240 

12 

5$ 

Total  847 

Total  92 

.4M6'3v.  10$ 

— 

Glass  Beads 
9-5p  dia. 

35 

19 

54$ 

Glass  Beads 
12-8u  dia. 

30 

9 

23$ 

Glass  Beads 
IS--  13)jl  dia. 

16 

6 

27$ 

Total  34  Averaged  42$ 


Total  81 


assuming  that  their  intrinsic  properties  are  identical .  Theae  reauita 
are  to  be  expected  if  it  is  aeauned  that  there  are  lewr  points  of  con¬ 
tact  in  the  bulk  powder  between  irregular  shaped  particles  than  there  are 
for  srheiical  particles, 

4.  Effect  of  Chemical  and  Physical  Modifications 

This  section  reveals  the  effect  on  aerosol! nation  of  chemical  and 
physical  treatment  of  quinine.  In  some  instances  the  chemical  treatment 
1b  merely  the  inoorpc*ai.it>n  of  an  additive,  hut  when  this  occurs  simul¬ 
taneously  with  a  change  in  the  physical  state  of  the  powder,  i.e.  change 
in  particle  size,  than  it  is  difficult  to  determine  which  of  the  two 
changes  is  responsible  for  the  differences  in  aerosolization,  In  most 
cases,  the  two  are  intertwined  such  that  both  treatments  are  partially 
responsible. 

All  the  tests  in  this  section  were  made  with  the  laminar  flew  settling 
chamber.  Modified  and  unmodified  quinine  was  the  test  powder,  ana  the 
single-coil  tube  was  used  for  dissemination. 

In  one  of  the  first  chemical  and  physical  treatments,  quinine  with 
1$  Pq  2340  added  was  blended  in  an  Osterizer  Blender  for  six  minutes. 

Some  grinding  of  the  particles  should  have  occui . ,  but  at  the  same  time; 
tb“  beat  generated  by  the  grinding  could  have  caused  some  fusion  of  the 
particles.  An  estimate  of  the  particle  size  distribution  of  this  treated 
powder  lo  given  in  Fig.  IV  4.  The  size  distribution  was  obtained  by 
microscopic  sizing  after  firet  dispersing  the  powder  in  oil,  and  working 
the  dispersion  with  a  wooden  stick.  The  number  mean  diameter  was  1.8  mi¬ 
crons.  In  comparison  the  "as  received"  powder,  dispersed  and  sized  by 
the  same  procedure,  gave  a  mad  of  1.6u,  Fig.  IV-2,  However,  it  should 
be  mentioned  that  the  particle  size  of  quinine  is  sensitive  tc  the  amount 
of  dispersion  performed  on  the  microscope  slide. 

A  comparison  of  the  mass  distribution  curves  between  the  untreated 
quinine  and  the  PQ  2340  treated  powder  is  shown  in  Fig.  VISI-26,  Since 
the  untreated  powder  gave  a  lower  mass  distribution  curve,  it  was  concluded 
that  the  treatment  of  blending  PQ  2340  with  quinine  was  detrimental  to  the 
aerosolizability  of  the  powder.  Mass  analysis  showed  that  78*$  of  the 
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Settling  Plates,  cm 


FIG.  VIII -26  MASS  DISTRIBUTION  CURVES  OF  QUiNiNE  DISSEMINATED  INTO  LAMINAR  FLOW  SETTLING 
CHAMBER  TO  COMPARE  THE  EFFECTS  OF  CHEMICAL  AND  PHYSICAL  MODIFICATION 
OF  THE  POWDER 
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untreated  powder  aerosolized  to  pertlclee  lees  than  lOp  aerodynamic  diam¬ 
eter,  whereaa  with  the  osterized  powder,  only  85$  wore  equal  to  or  leas 
than  10p  diametera. 

On  the  aame  figure  are  saaa  distribution  curves  from  a  fino  and 
coarse  fraction  which  had  been  separated  from  the  1$  PQ  2340  treated  pow¬ 
der  uaing  the  double-disc  separator.  Surprisingly,  both  the  coarse  and 
fine  fractions  gave  similar  distribution  curves,  and  both  curves  matched 
that  obtained  from  the  unfracticnated  PQ  2340  treated  powder. 

The  physical  sizes  of  the  tine  and  coarse  fractions  were  vastly  dif¬ 
ferent  as  shown  below.  explain  the  phenomenon,  either  the  agglomerates 
from  both  materials  break  down  to  the  aame  ultimate  particle  sizes,  or 
the  alze  of  the  settled  agglomerate  is  controlled  by  a  reagglomeration 
mechanism. 

Figure  VIII-27  and  VIII-28  ar9  photomicrographs  of  the  fine  and  coarse 
fractions,  respectively,  dispensed  in  oil.  The  fine  fractions  showed  well 
dispersed  rectangular  particles,  but  it  would  not  be  unexpected  nor  diffi¬ 
cult  for  the  large  agglomerate  of  the  coarse  fraction  to  break  down  into 
similar  sized  particles  in  the  dissemination  process.  The  fine  fraction 
dispersed  easily  in  oil  and  size  analysis  of  the  material  gave  a  mad  of 
5.7p.  However  a  measure  of  the  nmd  of  the  coarse  fraction  was  not  feasible 
because  the  primary  particle  sire  the  escunt  of  work  •' j~ 

voted  to  dispersing  the  agglomerates. 

To  observe  the  compositions  of  the  agglomerates  formed  by  the  fine 
and  the  coarse  fractious,  the  powders  were  disseminated  (under  conditions 
comparable  to  Runs  12  and  15)  upward  into  a  vertical  chamber  and  allowed 
to  settle  on  slides  to  avoid  the  classification  of  sizes  that  occurs  in 
the  horizontal  chamber.  Photomicrographs  were  made  of  the  settled  agglom¬ 
erates,  Fig.  VIII-29a  and  Pig.  VIII-30a,  of  the  fine  and  coarse  fractions 
respectively.  Figures  Viil-29i>  and  VIII-30b  are  the  same  settled  particles 
but  dispersed  in  oil.  The  nsd  of  the  dispersed  fine  particles  was  2.1u 
as  compared  with  5."u  in  the  non-*4 ssemlnsted  material.  This  decrease  in 
particle  size  atrongly  suggest#  that  grinding  of  quinine  occurred  in  the 
coiled  tube,  even  with  particles  as  small  as  the  fine  fraction. 
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FIG.  VI 1 1  —  27  FINE  FRACTION  OF  QUININE  WHICH  HAD 
BEEN  TREATED  WITH  1*5  PQ  2340 
Nondisseminated;  dispersed  with  oil 


FIG  VIII -28 

Best  Available  Copy 


COARSE  FRACTION  OF  QUININE  WHICH  HAD 
BEEN  TREATED  WITH  PQ  2340 
Nondisseminofed;  dispersed  In  oil 
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FIG.  VIII -29a  AGGLOMERATES  OF  QUININE 
FROM  FINE  FRACTION  AFTER 
DISSEMINATION  THROUGH 
COILED  TUBE 


FIG.  VIII-30O  AGGLOMERATES  OF  QUININE 

FROM  COARSE  FRACTION  AFTER 
DISSEMINATION  THROUGH 
COILED  TUBE 


FIG.  VI I i  —29b  AGGLOMERATES  OF  QUININE 

/FROM  FIG,  VI 1 1  —  29o)  DISPERSED 
IN  OIL 


FIG.  Vlll-Xb  AGGLOMERATES  OF  QUININE 

(FROM  FIG.  VIII -3Do)  DISPERSED 
IN  OIL 
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In  contrast  to  the  of fact  of  bit ad log  quiaine  with  PQ  3340,  ahich 
was  detrimental  to  the  asrosoll ration  process,  anc*her  chemical-physical 
treatment  served  to  improve  the  aerosol  liability  of  quinine.  In  this 
treatment,  quinine  was  ground  in  a  ball-will  for  eight  hours  using  petro¬ 
leum  ether  as  the  suspending  aedlua.  One  sanpl*  contained  only  peiroleua 
ether  in  the  wediua,  but  in  an  accompanying  sample,  \%  hexamethyldi sill zane 
and  it  Cab- 0-811  was  added  to  the  petroleum  ether.  The  two  materials  were 
added  because  they  were  found  by  Rauner  et  al.  (1966)  to  be  effective  in 
laproving  the  aerosolizabillty  of  some  organic  slaulants. 

The  dissemination  results  of  the  two  ground  quinine  powders  are  shown 
In  Fig.  VIII-31.  Both  powdero  produced  small  agglomerates  on  the  settled 
plates.  There  was  little  difference  between  the  two  products  which  sug¬ 
gested  that  the  hexaaethyldlaillzane  and  Cab-O-Sil  had  no  effects.  Eow- 
ever,  the  ball  milling  In  petroleum  ether  was  beneficial  as  both  powders 
aerosolized  better  than  the  “as  received"  powder  (Run  30),  and  considerably 
better  than  the  Pi}  3340  blended  powder  (Run  20). 

A  third  treatment  involved  the  use  of  n-butyl  amine.  Its  use  was 
suggested  from  the  favorable  results  obtained  by  Nash  et  al.  (1963)  when 
they  used  it  to  reduce  the  agglomeration  tendency  of  Carbo-Wax  powders. 
Since  the  qululne  is  soluble  in  the  amine,  ..he  treatment  was  limited  to 
exposing  the  quinine  to  the  amine  vapors  for  approximately  eight  hums. 

The  result  of  the  amine  treated  powder  Is  *3  so  sh^wn  in  Fig.  VIII-31, 
aad  the  data  show  that  the  treatment  w»j  net  beneficial.  The  mass  dis¬ 
tribution  curve  showed  it  to  be  more  serosolirable  than  rhe  2340  blended 
sample,  but  less  than  the  "as  received  or  the  ball-milled  samples. 

To  illustrate  the  structures  and  sizes  of  mi  omerstes  which  land  at 
the  various  spots  on  the  settling  plates,  photomicrographs  were  taken  at 
distances  of  J  cm,  40  cm,  60  cm  and  t83  cm  along  the  settling  plat©  lor 
Run  27,  the  ball-milled  treated  pow.Sr.  The  photographs  are  ehown  in 
Figs.  VIII-32a,  b,  c,  and  d,  respectively. 

A  distinctive  feature  of  all  euinias  agglomerates  ;•  their  loose 
structure  and  ehala-lifce  foot  necessarily  straight)  appearance.  The 
optical  '.lameter  of  the  particles  on  any  section  of  the  piste  was 


FIG.  VIM -32  AGGLOMERATES  OF  QUININE  AS  SETTLED  ON  THE  PLATES 

at  the  distances  indicated 

A  —  Plate  length  2  cm,  largest  aerodynamic  diameter  calculated  28/x ,  based  on 

density  of  1.0  gm  cc 

B  Plate  length  40  cm,  largest  aerodynamic  diameter  calculated  6.2 /<, 
based  on  density  of  1.0  gm/tc 

C  -  Plate  length  80  cm,  largest  aeredynanve  diameter  calculoted  4.4ft, 
bast’d  ori  density  of  1.0  gm'cc 

D  -  Plate  length  183  cm,  largest  aerodynamic  diameter  calculated  2.9 ft, 
bused  on  density  of  1.0  gm  cc 
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considerably  larger  than  that  which  would  have  existed  for  a  spherical 
particle  of  density  1.0  gm/cc  settling  at  the  same  position.  The  ap¬ 
parent  density  of  the  agglomerates  la,  therefore,  lets  than  1.0  gm/cc. 

A  few  measurements  of  the  optical  diameters  of  the  agglomerates 
were  made,  and  from  this  the  apparent  densities  of  the  agglomerates  were 
found  to  be  approximately  0.15  gm/cc.  Thus,  it  seems  that  successful 
-■liases!  nation  is  obtained  not  only  by  decreasing  the  particle  else,  but 
also  by  significantly  decreasing  the  agglomerate  density. 

Because  of  the  difference  in  densities,  an  agglomerate  of  density 
0.15  gm/cc  must  increase  Its  mass  2.5  times  to  maintain  the  same  settling 
velocity  as  a  single  particle  of  density  1.0  gm/cc.  Since  settling  veloc¬ 
ity  is  proportional  to  density  times  the  square  of  the  diameter,  the  ratio 
of  the  mass  of  an  agglomerate  of  diameter  and  density  p^,  that  has  the 
same  settling  rate  as  a  single  particle  of  diameter  I>2  and  density  p^,  to 
tLe  mass  of  the  latter  is  equal  to  the  ratio 

The  implication  of  the  above  results  is  that  the  size  of  the  primary 
particle  subjected  to  dissemination  may  not  be  of  the  same  significance 
us  originally  believed.  Particles  larger  than  10  microns  will  settle 
slowly  if  they  can  be  made  to  exist  in  sufficiently  low  density  agglom¬ 
erates.  Control,  not  elimination,  of  agglomeration  may  be  the  most  desir¬ 
able  approach  to  dissemination  of  powders  Into  particles  of  suitable 
aerodynamic  properties. 

C.  Discussion 

For  povders  disseminated  In  a  capillary  tube,  there  seems  to  be  an 
optimum  length  for  tbe  best  separation  of  particles.  Shorter  lengths  are 
not  as  effective  aa  the  optimum  and  little  or  no  benefit  results  from  use 
of  longer  tubes. 

The  length  of  the  tube  for  optimum  deaggloraeratlon  can  be  approximated 
iroji  u  calculation  of  the  stopping  distances  of  aerosols  moving  in  still 
air.  The  distance  required  to  accelerate  a  particle  from  rest  to  the  ssme 
velocity  as  the  moving  air  is  the  some  distance  that  the  particle  would 
move  if  ejected  at  that  velocity  into  a  still  atmosphore  and  allowed  to 


coa©  to  a  atop  by  friction  fro®  air.  Thia  stopj-ing  disf-nce  8  ,  say  be 

2  , 

calculated  by  S,  *  V  od  /18a  whore  V  Is  the  initial  velocity  of  the  par- 
do  o 

tide  relative  to  air,  d  la  the  diameter  of  •  particle  of  density  p,  and  a 

is  tbs  viscosity  of  air.  As  an  «x««p  1*,  a  iOp  particle  of  density  1.0  gm/cc 

4 

will  require  approximately  10  cat  of  tube  length  to  fe©  accelerated  to  3  x  10 
cs/sec  (nearly  tb#  speed  of  Bound),  TMss  value  Is  In  go«d  agreement  with 
the  19-15  c»  leagth  found  is  Section  ¥112 -A  for  the  opti»sa  tube  length 
for  maximum  deagglomeratioc.  *hen  the  particle  has  attained  the  sane  veloc¬ 
ity  as  that  of  air,  the  impact  and  shear  forces  arising  from  differential 
flow  between  particle  and  sir  have  reached  a  minimum,  but  the  Impact  forces 
resulting  from  turbulent  collision  with  th©  wnll  will  have  reached  a  maxi¬ 
mum,  As  shown  in  Section  X.  the  impact  forcer  will  be  at  several  orders 
of  magnitude  greater  than  the  shear  forces.  Therefore,  the  maximum  de- 
agglomeration  will  occur  when  the  tube  ie;?gths  are  sufficiently  long  to 
permit  the  particles  to  reach  the  velocity  of  the  aJr;  ana  thus  provide 
for  maximum  overall  impact  forces. 

It  is  of  interest  to  note  that  Or r  el  *1,  (1957),  In  thetr  investiga¬ 
tion  with  capillary  tubes,  found  "that  increasing  tube  length  at  constant 
Reynolds  number  and  (tube)  diameter  increases  *h@  deaggl ©aeration"  of 
8. 7p  Serratia  marcescena  powder.  However ,  they  only  experimented  with 
tube  lengths  between  1.7  css  and  7.S  ca. 

The  separation  of  particles  (in  the  1-lQa  range)  can  be  accomplished 
best  by  taking  advantage  of  the  stresses  imposed  by  strong  impact.  The 
superiority  of  impact  forces  for  breakup  of  agglomerates  has;  been  cited 
in  other  studies,  notably  those  of  Aeroprojects  (1956),  Fuchs  ar^  Selin 
(1964)  and  Fitz  et  al.  (1955),  In  this  respect  a  curved  tube  disseminator, 
which  accentuates  the  strength  of  Impact  forces,  is  superior  to  a  straight 
tube  one, 

The  Increase  in  aerosoiization  with  increase  in  air  velocity  has  been 
observed  in  other  studies  utilizing  capillary  tubes  for  dissemination. 

Oi  r  'it  al.  (t95'*')  stated  that  the  masa-nsean-dlameter  of  the  ..oroaolized 
particles  decreases  with  increasing  Reynolds  number.  Fuchs  &  Selin  (1964) 
showed  a  linear  relationship  between  partible  diameter  and  dissemination 
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iX  ELECTROSTATIC  KFFBCTS 


A,  Introduction 

Throughout  the  cours*  of  this  program  there  was  ample  evidence  that 
electrostatic  effects  are  important.  In  the  dissemination  of  powders  and 
were  coupli eating  factors  in  their  assessment. 

The  dascription  of  the  phenomena  which  produce  the  charging  of  the 
I  “tides  was  covered  in  Chapter  XII  of  SHI  Special  Technical  Report  No.  2 
(foppcff,  19«?5).  A  companion  progress  by  Stanford  See^nrch  Institute  r -z 
designed  to  study  the  f*cndaaent*l  sep^-cts  of  electrostatic  charges  or 
aerosols.  As  a  consequence,  our  program  wns  limited  to  observations  of 
a  few  of  th®  electrical  effects  that  eight  influenre  results. 

One  of  the  first  evidences  of  electrostatic  effects  was  revealed 
early  in  tb®  program  during  the  dissemination  of  Microthene.  Rather  odd¬ 
shaped  agglcaerates  appeared  which  suggested  electrostatic  attraction  be¬ 
tween  partlcl«3,  as  shown  in  Fig.  5X~1.  Quinine  and  saccharin  disseminated 
to  form  light,  fluffy  chain-like  agglomerates,  again  suggesting  that  elec¬ 
trostatic  forces  were  bringing  about  reagglomeratioa.  The  chain-likc 
agglomerates  are  no*  unusual:  Oalla  Valle  et  al.  (1954)  among  others  had 
observed  them,  and  they  concluded  that  "the  aggregates  of  charged  particles 
showed  a  pronounced  tendency  to  be  oriented  in  chain-like  patterns,  indi¬ 
cating  polarization, 11 

Anorher  manifestation  of  electrostatic  effects  occurred  during  dis¬ 
semination  of  treated  Microthene  in  the  laminar  flow  settling  chamber. 

Under  the  conditions  of  the  experiment,  practically  all  of  the  particles 
were  attracted  to  th©  walls  of  the  chamber,  thus  rendering  the  chamber 
rather  useless  for  assessing  this  type  of  material. 

Experiments  were  conducted  to  demonstrate  that  the  electrical  prop¬ 
erties  of  powders  can  be  modified  by  additives  and  that  the  introduction 
of  »«s  ions  into  th®  aerosol  stream  can  be  made  to  modify  the  resulting 
aei  sol.  The  results  of  these  tests  are  reported  below. 


B.  lIiMtmtiitie  Measurements  of  Powders  tad  Additives 

1.  Measurements  with  a  Parallel-Plats  Chart*  Analyser 

Initial  teats  were  made  to  determine  some  of  the  fundamental  elec¬ 
trical  properties  of  the  powders  and  additives  which  were  used  in  this 
program.  For  ewinpie ,  it  was  desirable  to  know  the  type  of  charges  on 
a  der  when,  it  is  being  metered  out  from  the  bulk  powder  container. 

This  measurement  was  made  with  a  parallel-plate  electrostatic  charge 
-<Mtiyser,  shown  in  Fig.  IX-2a  and  2b.  It  is  s  simple  apparatus  and  it 
haa  been  employed  by' various  Investigators,  notably  Nash  et  al.  (1963) 
and  Owe  Berg  et  al.  (1963). 

The  cell  in  which  the  observations  were  made  consisted  of  a  glass 
tube  10  cm  in  diameter  and  13.8  cm  high  equipped  with  plexiglass  cover 
and  bottom.  Two  brass  plates  evenly  spaced  4.9  cm  apart  were  connected 
to  «  variable  high  voltage  supply.  Powder  was  fed  from  a  small  vibratory 
feeder  into  a  funnel  at  the  top  of  the  cell  from  which  it  descended  to 
the  midpoint  between  the  two  plates. 

In  the  photograph,  the  vibratory  tube  conveyor  was  constructed  of 
plexiglass  and  the  funnel  was  copper.  These  can  be  substituted  by  other 
materials  for  observing  the  effects  of  materials  of  construction  on  the 
trlboelectrlc  effect.  The  funnel  was  connected  to  ground  and  the  positive 
and  negative  electrodes  could  be  varied  from  zero  to  ±7500  volts  with 
respect  to  ground.  To  permit  a  more  quantitative  measurement  of  the 
powder,  small  boxes  were  placed  under  the  Electrodes  to  catch  the  powder, 
and  were  weighed  to  obtain  the  percentage  of  positive,  neutral  and 
negative  particles. 

Results  obtained  using  this  apparatus  for  powders  and  additives  are 
shown  in  Tables  IX-1  and  XX-2  respectively. 

Table  IX-1  showed  that  some  powders  were  charged  one-sided,  while 
others  were  equally  charged.  Micro thene  and  saccharin,  for  example,  con¬ 
tained  many  more  negative -charged  particles  than  positive-charged  ones. 

On  the  other  hand,  quarts  and  clumlnua  contained  almost  equal  proportions 
of  positive  and  negative  particles.  In  all  cases,  the  majority  of  *he 
powder  was  neutral. 
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Table  IX-1 

naClSCSTATZC  AXALYSIS  Of  POVOCB0 


Poeder 

*  Deposited 
la  negative 
Slectrode  Box 

*  Deposited 

In  Xeutral  Box 

*  Deposited 

In  Positive 
Electrode  Box 

Saccharin 

2* 

82* 

46* 

Micro than* 

2 * 

67* 

31* 

Glaaa  Beads 

(1-30U) 

13 * 

69* 

22* 

Quarts 

2$ 

78* 

1«* 

Aiunlmn 

«* 

81* 

10* 

Table  IX-2 

ELECTROSTATIC  AXALTSIS  OF  ADDITIVES 


Trade  Name 

Prlnary  Particle 
Slse  and 
Surface  Area 

Average  * 
Deposited 
at  negative 
Electrode 

Average  * 
Deposited  In 
Keutral  Box 

Average  * 

Deposited 
at  Positive 
Electrode 

PQ  2340 

0.013H 

150-175  ■  /gw 

3* 

12* 

85* 

Cab-O-Sil 

M-5 

0.01** 

175-225  ■  /*■ 

si 

18* 

80* 

Vclron 

Saterall 

0.01-0.03U 

200  nS/gm 

1* 

26* 

73* 

Hydrophobic 
Silica  CiS 

O.Olp  - 

200-300  w  /gw 

16* 

24* 

60* 

Quso  F-22 

0.021  ii 

325  w2/gm 

27* 

36* 

37* 

PC  2326 

C.013U 

150-175  •  /gw 

6* 

67* 

27* 

Organ-0-Sil 

8-5 

C.015ti 

175  wr/gw 

46* 

41* 

13* 

The  additives  analysis,  Tabla  IX-2,  shoved  variations  it.  their 
charges.  Like  the  powders,  aost  of  the  additives  contained  wore  negative 
charged  particles  than  positive -charged  onea,  but  unlike  the  powders,  the 
negative  particles  dominated  the  charges,  l.e.,  80%  negative  particles  vs 
2%  positive  particles  for  PQ  2340,  Cab-O-Sil.  Tlte  only  additive  which 
yielded  a  Majority  of  positive  particles  was  Organ-O-Sil,  and  It  gave  a 
46%  positive  and  13$  negative  ratio.  Cue  additive,  Quso  F- 22  gave  ap¬ 
proximately  equal  percentages  of  positive  and  negative  particles. 

In  addition  to  the  differences  in  electric  charges,  the  individual 
additives  exhibited  a  characteristic  behav’or  of  their  own,  Cab-O-Sil, 
for  example,  built  up  in  very  thick  layers  on  the  electrodes  whereas  the 
particles  of  Quso  F-22  jumped  rapidly  from  one  electrode  to  the  other 
several  tines  during  their  descent.  The  Organ -0-3 i 1  was  unique  in  that 
it  coated  not  only  the  front  but  also  the  back  aides  of  the  electrodes. 
The  powder  also  spread  throughout  the  chamber,  costing  the  walls  with  a 
thin,  but  tenacious  layer. 

Electrostatic  analysis  of  saccharin  treated  with  1 %  of  several  of 
the  additives  is  given  in  Table  IX-3  below. 


Table  IX-3 

ILjSCTROSTATIC  AHALT5IS  OP  SAOCEABIH  'AKA TED  WITH  SEVERAL  ADDITIVES 


Powder 

%  Deposi  ted  at 
negative  Pole 

%  Deposi ted  in 
Neutral  Box 

%  Deposited  at 
Positive  Pole 

Ssccbarin,  untreated 

2 4 

S2% 

46% 

Saccharin  w,  1%  Cab-O-Sil 

1«% 

10% 

Saccharin  w,  it  PQ  234 j 

\ei 

59% 

25  i 

Saccharin  w.  it  Orgsn-O-Sil 

40% 

26% 

34  % 

Saccharin  w  1%  Quso  f-22 

3< 

7  7% 

2  o4 

Saccharin  w,  1%  Fst«rt;il 

,T8% 

1  8% 

14% 

Except  for  Quao  F-22,  the  addl^iv**  served  to  unakee  the  charge  distribu¬ 
tion,  giving  nearly  equal  amount*  of  positive  sad  negative  charged  par¬ 
ticles.  The  <^t*o  F-22  did  not  alter  the  charge  pattern  appreciably  froe 
that  of  the  untreated  powder.  There  does  not  **«m  to  be  say  correlation 
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between  the  charges  on  the  individual  additives  and  powders ,  and  the 
resulting  charge  on  the  fixtures  of  the  two. 

Another  series  of  povdor-addi fcive  combination  teats  is  given  in 
Table  1X-4.  With  saccharin,  two  non-silica  additives,  magnesia  and  car¬ 
bon  black,  served  to  neutralize  the  powder.  Thur  as  in  the  other  tests, 
additives  tended  to  equalise  the  amount  of  positive  and  negative  particles, 

but  did  not  a  Sways  aakts  thea  sore  neutral. 


Table  IX-4 

ElDCTROSTATIC  ANALYSIS  OF  SEVERAL  POWDERS  AND  ADDITIVES  COMBINATION 


Powder 

Additive  1$ 

$  Deposited 
in  Negative 
Electrode  Box 

%  Deposited 
in  Neutral  Box 

$  Deposited 
in  Positive 
Electrode  Box 

Saccharin 

none 

2$ 

52% 

\  - 
\ 

46$ 

PQ  2340 

24$ 

40$ 

36$ 

Cob-O-Sll 

is % 

61$ 

24$ 

Magnesia 

3% 

92$ 

5$ 

Carbon  Black 

2 % 

91$ 

7$ 

Class  Beads 

none 

9% 

69% 

22$ 

(1-30U) 

PQ  2340 

17% 

61$ 

22$ 

Cab-O-Sil 

17% 

50$ 

33% 

Magnesia 

20% 

43$ 

37% 

Carbon  Black 

19% 

86$ 

35$ 

Quartz 

none 

8* 

74% 

18$ 

PQ  2340 

3% 

85$ 

10$ 

Cab-O-Sil 

64$ 

18$ 

Magnesia 

7% 

86$ 

7% 

Carbon  Black 

11% 

es$ 

7% 

Aluminum 

none 

9* 

81$ 

10$ 

PQ  2340 

7% 

84$ 

9$ 

Cab-O-Sil 

7% 

83> 

10$ 

Magnesia 

11% 

81$ 

8$ 

Carbon  Black 

12% 

86$ 

2% 

with  glass  beads  and  quarts  powder,  the  ease  general  trends  were 
observed.  Aluminum  powder  la  neutral  to  begin  with,  and  no  changes  oc¬ 
curred  there  due  to  the  additives. 

In  *  recent  study  on  the  electrostatic  effects  of  s  powder  (Carbo- 
Wax)  and  an  additive  ( Cab-CMSll) ,  Nash  St  al.  (1988)  suggested  that 
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neutralisation  of  the  fixture  occurred  Ivcausr  of  the  attraction  o'  the 
negative  charged  Ceb-OcH l  to  the*  positive  charged  Carbo-Wax,  Although 
U  i8  aechani sn  could  happen,  the  data  In  Table  IX-3  ar.d  IX-4  Indicate 
fnat  a  general  shifting  of  charges  of  a  powder -additive  mixture  will 
occur.  Irrespective  of  the  electrostatic  charges  on  the  individual 
powders  and  additives. 

A  brief  exploratory  test  was  made  to  determine  whether  this  electrical 
effect  was  an  inherent  property  of  the  powder  or  in  some  way  reflected 
i ho  method  of  handling,  A  sample  of  untreated  saccharin  powder  was  elec¬ 
trostatically  semirated  into  those  portions  which  were  attracted  to  ihe 
positively  ana  negatively  charged  electrodes  respectively.  The  powder 
was  removed  from  each  electrode  and  again  allowed  to  settle  into  the  apace 
between  the  two  electrodes.  Results  shown  in  Table  IX-5  below  reveal  that 
fractionated  powder  behaved  essentially  the  same  as  the  powder  which  had 
not  been  electrostatically  separated. 

Table  IX-5 

ANALYSIS  OF  ELECTROSTATICALLY  SEPARATED  SACCHARIN 


r~ - 

Towder 

Fraction 

*  Deposited  In 
Negative  Box 

*  Deposited  In 
Center  Box 

*  Deposited  in 
Positive  Box 

Untreated 

Saccharin 

Unfractionated 

2* 

40* 

58* 

Powder  removed 
from  positive 
electrode 

2* 

31* 

67* 

Saccharin 

Containing 

1* 

Organ-O-Sil 

Unfractionated 

40* 

25* 

35* 

Powder  removed 
from  positive 
electrode 

35* 

25* 

40* 

Powder  removed 
from  negative 
electrode 

46* 

15* 

39* 

The  procedure  was  repeated  with  saccharin  treated  with  1*  Grgan-O-Sil. 
in  thiu  case,  also,  there  was  essentially  no  change  in  the  behavior  of 
f tie  powders  between  those  which  had  been  previously  fractionated  and  those 
which  had  not  been.  It  appears  that  the  charges  on  the  saccharin,  treated 
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and  untreated,  are  not  fixed.  It  is  not  evident  how  the  fractionated 
powder  r»-orlents  its  charges  to  fora  the  charge  distribution  of  the 
original  powder,  except  that  the  charge  distribution  observed  was  con¬ 
trolled  by  triboelectrification  in  the  vibratory  feea  and  funnel  system. 

2.  Measurements  with  a  Mstronics  Elect  rone  ter 

The  first  series  of  electrostatic  measurements  gave  data  sufficiently 
sensitive  to  establish  general  trends.  However,  it  was  desirable  to  ex¬ 
pand  the  measurements  by  determining  the  magnitude  of  the  charges  on  the 
bulk  powders.  In  the  second  series  of  tests,  a  sensitive  electrometer 
developed  by  Uetronlcs  Associates  was  used  to  measure  the  type  and 
magnitude  of  charges  carried  by  a  powder.  The  instrument  Is  shown  in 
Fig.  IX-3.  Full  scale  deflection,  either  positive  or  negative,  corre¬ 
sponds  to  about  100  plcocouloabs  (10~10  coulombs)  of  charge  on  the  probe. 

The  measuring  technique  was  also  changed  by  forcing  the  powder  through 
a  140  mesh  metallic  screen  rather  than  allowing  It  to  slide  over  a  flat 
motal  surface  which  is  the  situation  with  the  vibrating  feeder.  The  prob¬ 
ability  of  contact  charging  Is  greatly  Increased  by  the  greater  surface 
aroa  of  the  wire  screen  and  the  closer  proximity  of  the  wire  to  all  the 
particles  passing  through.  The  experimental  procedure  consisted  of  weigh¬ 
ing  a  piece  of  aluminum  foil  which  was  then  placed  on  the  flat  probe. 

The  powder  to  be  tested  was  put  In  a  wire  screen  which  was  tapped  or 
brushed  earning  the  powder  to  fall  on  the  aluminum  foil.  Enough  powder 
was  processed  to  cause  the  meter  to  read  full  scale,  and  this  was  repeated 
several  times.  Measurements  were  made  with  Microthene  treated  with  FQ  2340. 

The  data  for  Microthene  is  shown  in  Table  IX-6  below. 

Table  1M 

RtscntosTATic  MMStmxMnre  or  taatsmaia  tmmtkd  vrm  vq  avo 


1$  9Q  2340 

In  mature 

Xet 

Charge 

Cram*  Seeded  to 
Regiater  Full  Scale 
(ICO  ploooouloebc) 

Cbarge-to  Kaaa 
Ratio,  nano- 
coulomba/gm 

non* 

♦ 

0,0840  gm 

1.0C 

0.08$ 

4* 

0.1282  gm 

0.78 

0.073$ 

♦ 

0.8824  ga 

0.17 

0.088$ 

♦ 

0.4030  gm 

0.28 

0.100$ 

- 

0,1282  gm 

0.78 

t.0$ 

- 

0.144S  gm 

0.88 

100,0$ 

■  . . 

0,001  gm 

10.0 

' 
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Untreated  Micro these  exhibited  a  positive  charge  while  Ml era these 
with  1$  FQ  2MQ  shoved  s  negative  one.  PQ  2340  alone  was  negative.  The 

values  obtained  with  the  0.075$  PQ  2340  content  Indicated  that  these  per¬ 
centages  may  be  the  transition  range  between  charges.  A  significantly 
liitger  amount  of  powder  was  needed  to  cause  the  eater  to  register  full 
scale  with  these  fixtures  and  the  set or  fluctuated  between  positive  and 

negative  readings. 

C.  Effects  of  Electrostatics  In  the  Dissemination  of  Powders 

Measurements  of  the  electrostatic  chargee  on  the  bulk  powders  was 
revealing  in  that  they  provided  gone  background  knowledge  of  tin*  type  and 
magnitude  of  charges  carried  by  the  powders .  The  ultimate  objective,  how¬ 
ever,  is  to  correlate  the  electrostatic  propertiea  to  the  aerosollzabllity 
of  a  powder.  For  example,  the  light  fluffy  chain  type  of  agglomerates 
formed  by  quine  suggests  that  electrostatic  forces  are  operating.  Such 
forces  should  be  altered  by  the  presence  of  gas  ions  Injected  Into  the 
air  stream  containing  the  particles  leaving  the  disseminating  tube.  In 
preparation  for  the  dissemination  of  powders,  under  the  Influence  of 
electrostatics ,  a  few  preliminary  measurements  were  nade  to  see  how 
electrostatics  might  be  applied. 

1 .  Preliminary  Measurements  of  Ion  Charging. 

The  first  measurements- were  made  to  determine  If  electric  charges 
could  be  induced  into  powders  and  additives.  A  26-inch  V.S,  Radium  Co. 
Linear  Ion  Generator  ( radioactive  type)  was  used  for  bombarding  the  pow¬ 
der  or  additive  with  ions,  and  the  high  voltage  parallel  plate  analyzer 
was  used  for  quantitative  measurement.  The  ion  generator  could  be  caused 
to  emit  either  positive,  negative  or  bi-polar  ions  at  various  intensities. 
The  powders  In  a  grounded  aluminum  cup  were  placed  three  inches  ur.der  the 
generator  for  charging  and  then  hand  fed  to  the  electrostatic  analyser 
with  a  plastic  spoon  in  small,  10-20  mg  quantities. 

Three  additives,  PQ  2340,  Cab-O-Sil ,  and  Organ -0-611,  were  exposed 
to  the  ion  generator  at  maximum  intensities.  The  data  are  plotted  in 
Fig,  IX-4.  They  show  that  the  charge  distribution  patterns  for  PQ  2340 
and  Cab-O-Si  1  were  no  different  with  the  gtaerator  off  or  on  negative  ion 


output.  With  th*  generator  emitting  positive  ion*,  ho»«v®r ,  the  charge 
distribution  for  PQ  2340  and  Csb-o-flil  showed  o  reversal  ia  the  distribu- 
tion  batwwen  the  negatively  and  th#  positively  charged  plates,  For  ex¬ 
ample,  the  amount  of  powder  deposited  on  the  positive  electrode  decreased 
from  80-90$  when  the  generator  was  off  or  emitting  negative  ions  to  1G-2&* 
when  the  generator  was  emitting  positive  Ions.  Thus,  these  two  additives 
responded  strongly  to  positive  ion  emissions.  In  contrast,  Qrgsa-O-Sil 
responded  only  slightly  to  the  effect  of  the  ion  bombardment,  whether 
positive  cr  negative. 

The  effect  of  the  ion  bombardment  on  the  electrostatic  properties 
of  saccharin  was  also  invostigated,  and  the  results  plotted  in  Fig,  IX~5. 
Since  the  saccharin  was  predominantly  negative,  the  effect  of  the  negative 
ion  output  did  not  alter  the  charge  distribution.  This  duplicates  the 
results  observed  with  the  PQ  2340  and  Cah-O-Sil  additives.  However, 
directing  positiv  ions  onto  the  powder  completely  reversed  the  deposi¬ 
tion  on  the  positive  and  negative  electrodes,  such  that  49$  of  the  powder 
was  positively  charged,  49$  neutral  and  2$  negatively  charged. 

The  effect  of  adding  1$  0rgan-0-Si\  to  saccharin  was  to  completely 
nullify  the  effect  of  th#  ion  bombardment,  so  that  the  powder  distribution 
wes  nearly  the  same  whether  the  ion  generator  was  emitting  positive  or 
negative  ions. 

The  magnitude  of  the  charges  on  saccharin  powder  was  also  measured 

using  a  Faraday  cage  type  of  arrangement.  Measurements  were  made  on 

treated  and  untreated  powder,  with  and  without  ion  bombardment.  The 

saccharin  powder  was  transferred  to  the  Faraday  cage  manually  in  3coops 

-9 

of  25-50  mg  quantities  until  a  charge  of  5  X  10  coulombs  was  built  up, 
The  charge  was  discharged  and  procedure  repeated  until  a  1,0  gs  quan¬ 
tity  has  been  put  through.  Reproducibility  was  about  ±20$. 

The  results  are  tabulated  In  Table  IX-7.  The  untreated  saccharin 

~8 

carried  a  residual  negative  charge  of  3.1  X  10  coulombs /gw.  After 

treating  with  1$  Organ-O-Sil,  the  saccharin  registered  no  charges,  indi¬ 
cating  thet  either  the  particles  contained  no  charges  or  the  particles 
contained  charges  which  were  equal  in  qutntity  and  magnitude.  Previous 
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Una  lysis  of  the  treated  saccharin  with  the  parallal-plate  analyser  indi¬ 
cate*  that  thw  latter  assumption  was  more  probable. 

Table  IX-7 

MAGNITUDE  0?  ELECTRIC  CHARGE  ON  SACCHARIN  POWDER 


Powder 

Radioactive 

Ion 

Generator 

Polarity  of 
Charge  Being 
Registered  on 
Electrometer 

Charge, 

Couloebs/gm 

Averaged 

Charge, 

Couloaba/gm 

Saccharin 

Untreated 

off 

negative 

33  X  10"® 
27  X  10"® 
31  X  10'® 
46  X  IQ-® 

(-)  3.4  X  10"8 

Saccharin  with 

if  Organ-Q-Sii 

off 

ItAWO 

none 

Saccharin 

Untreated 

ion  generator 
emitting  negative 
ions 

negative 

35  X  10_® 
40  X  10'® 

( -)  3.8  X  lO*8 

Saccharin 

Untreated 

ion  generator 
emitting  positive 
ions 

positive 

44  X  10"® 
29  X  10"® 
25  X  10  "® 
31  X  10 

(+)  3,2  X  10-8 

Saccharin  with 
1#  Organ-O-Sil 

ion  generator 
emitting  positive 
ions 

positive 

6  X  10"® 

9  X  10 

9  X  10 

4  X  10 

(+)  0.7  X  10"8 

Saccharin  with 
if  Organ -O-Si i 

ion  generator 
emitting  negative 
ions 

negative 

10  X  10"® 
13  X  10”® 
13  X  10~® 

11  X  10 

(-)  1.2  X  10"8 

Next  the  powders  were  placed  under  Ion  bombardment  to  determine  its 
effect  on  the  electric  charges.  Exposure  of  the  untreated  powder  to 
negative  Ions  fro®  the  ion  source  gave  approximately  the  same  charge  as 
the  untreated  powder,  or  (-)  3.8  X  10  coulomb/gm.  However,  when  the 
emitting  ions  were  switched  from  negative  to  positive,  the  saccharin 
acquired  a  positive  charge,  amounting  to  approximately  ( +)  3.2  X  10 
coulomb/gs,  which  la  almost  equal  in  magnitude  *  ,>  that  of  tha  untreated 
powder. 
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Treatment  with  Organ-O-Sil  served  to  reduce  the  capability  cf 
saccharin  to  acquire  charges  from  the  ion  source.  Thin  was  previously 
shows  in  Fig.  IX-8,  and  the  conclusion  la  supported  again  in  these  testa. 
The  charges  acquired  by  the  treated  powder  were  1/3  to  1/5  of  that  ab¬ 
sorbed  by  the  untreated  saccharin. 

It  way  be  of  interest  to  note  that  Shaffer  (1962)  measured  a  charge 

_g 

of  ( -)  2  X  10  coulee bs/gm  for  untreated  saccharin  which  had  been  worked 

a  little  with  a  spatula.  This  figure  is  in  good  agreement  with  the 
/  »  -8 

(-)  3.4  X  10  coulorab/gm  obtained  in  these  tests. 

The  above  observations  indicate  that  the  electrostatic  charges  on 

additives  and  powders  can  be  changed  and  that  a  low  activity  ion  source 

-9 

( approximately  2  X  JO  c.  ulombs/sec)  is  sufficient  to  change  the  sign  of 
the  charge.  However,  th_  addition  of  an  additive  to  a  powder  served  to 
minimize  the  effectiveness  of  the  ion  generator  to  charge  the  mixture. 

Thus  in  support  of  other  data  reported  herein,  the  effect  of  an  additive 
can  be  to  neutralize  the  electric  charges,  and  at  the  same  time  to  inhibit 
the  ability  of  the  powder  to  acquire  a  charge. 


As  indicated  above,  the  radioactive  type  ion  generator  was  a  low 
level  ion  source.  In  addition  it  was  a  bulky  piece  of  equipment  not 
readily  adaptable  to  dissemination  testing,  consequently  a  new  ion  gen¬ 
erator,  of  the  high  voltage  variety  was  fabricated  for  dissemination  tests. 
The  generator  used  was  a  modification  of  one  designed  bv  Whitby  et  al . 
(1963).  It  is  shown  in  Fig.  IX-6. 

Figure  IX-7  is  9  schematic  drawing  of  the  method  used  to  determine 
the  condition  for  maximum  ion  output  from  the  Ion  generator.  A  510  V 
battery  was  connected  to  on®  of  the  plates  and  the  high  *\ide  of  a  Keithley 
Electrometer,  and  a  22  megohm  r**»t«it«>-  was  pieced  between  the  other  plate 
and  the  ground.  An  air  flow  of  621/min  was  uned  for  adjusting  the  needle 
setting.  The  ion  output  was  moat  steady  when  the  needle  was  at  0,035" 
away  from  the  1/16"  dia.  exit  hole,  and  so  this  setting  was  used  for  all 
ion  generator  test-  The  applied  voltage  for  all  tests  was  600C  volts, 

A  quantitative  measure  of  the  ion  output  was  not  considered  necessary 
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because  the  amperage  registered  on  the  El act roan  tar  is  a  function  of  (l) 
tba  also  of  the  plataa  uaad ,  (3)  tba  gap  between  tha  plates,  (3)  the  air 
flow  through  tba  Ion  generator  and  (4)  tba  dlatanca  tha  ion  generator  in 
1 oca tad  fro*  tba  measuring  plataa. 

Tba  neat  convenient  means  for  Introducing  tba  Iona  Into  tba  dlasaal- 
nation  chamber  would  have  bet n  to  pipe  tbea  In.  However  experiments  with 
various  places  of  metallic  and  plastic  pipes,  acaaa  as  abort  ea  one  inch, 
revealed  that  tba  Ions  could  uot  be  piped  at  all.  Consequently  it  was 
necessary  to  redesign  tba  powder  inlet  to  tba  1 ulnar  flow  chaaber  such 
that  the  powder  and  Iona  are  Introduced  alde-by-aide.  This  arran^.iiaent 
is  shown  In  Fig,  IX-8,  A  few  dissemination  teats  using  quinine  were  made 
with  tha  ion  generator  attached,  but  no  voltage  applied.  The  mans  dis¬ 
tribution  pattern  duplicated  that  obtained  with  the  previous  method  of 
powder  Introduction,  thus  indicating  that  there  was  no  significant  change 
caused  by  the  mechanical  rearrangeamnt  for  introducing  the  powder  into 
the  chamber. 

The  dissemination  results  for  quinine  oaterlsed  with  1$  PQ  2340  are 
plotted  In  Fig,  IX-9.  Buns  #35  and  #40  were  made  with  the  high  voltage 
electrode  being  negative  and  attached  to  the  needle,  and  the  positive 
electrode  (ground)  attached  to  the  exit-plate.  Since  the  *e©  runs  were 
in  excellent  agreement,  only  the  average  is  plotted.  For  Run  #41,  the 
polarity  was  reversed  with  the  positive  electrode  attached  to  the  needle. 
This  run  matches  the  #35-40  run,  thus  indicating  that  a  negative  charge 
or  a  positive  charge  oe  the  needle  gave  similar  s?fe«-ts,  As  bvious 
from  tb*  curves,  moat  of  the  quinine  (95$  or  sc)  from  either  oi  the  uni¬ 
polar  rues  remained  in  the  duct ,  whereas  la  the  convention* 1  situation, 
with  no  ions  (Sun  #39-43)  only  30$  remained  In  the  duet  and  the  rest  of 
the  qui.  me  fell  onto  the  plates  and  into  the  ft  Its*  The  first  conclu¬ 
sion  was  that  the  unipolar  ion*  had  a  tremendous  detrimental  effect  w.  ■ 
the  ec resell tab! lity  of  the  quinine  powder .  But  microscopic  observation 
of  the  settled  particle*.  Fig.  JX-10,  shoved  a  Jargw  number  o»  single 
particles  smaller  than  JOp.  Since  all  particles  smaller  than  30k.  should 
be  carried  up  by  the  ai.r  stream,  It  must  he  ceocluded  that  sfee  lo-na  in 
the  neighboring  tip  stream  caused  the  particle*  to  bm  attracted  to  thti 
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FIG.  I X — 8  BOTTOM  PLATE  OF  DUCT  SHOWING  THE  ION  GENERATOR 
AND  POWDER  DISSEMINATION  TUBE  SIDE  BY  SIDE 
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Dftksnce  Along  Sttikng  Plats*,  cm. 

FIG.  IX-$  MONWFFERENTKTED  MASS  DISTRIBUTION  CURVES  FOR  QUININE  SHOWING  THE  EFFECT 
OF  ION  CHARGING  OF  THE  AIR  STREAM  DURING  DISSEMINATION 
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FIG  IX-10  QUININE  PARTICLES  ON  SIDE  OF  DUCT  RUN  #45 
Conventional  run,  no  ions  generated 


FIG.  ix-n 


QUININE  PARTICLES  ON  SIDE  OF  DUCT  RUN  #40 
Negative  ions  r»nerated  in  the  neighboring  oir  stream 
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'  ~ :  of  tn®  Crdia*riiy  these  particles  would  bo  carried  tip  by-  the 

str***  deposited  on  tbs  settling  plates.  figure  1X-10  eon  bo 
compared  to  fig,  ur-il  to  illustrate  the  difference  in  per  tide  deposi- 

■  iwf  on  the  wall  between  an  "ion"  and  a  "no  ion"  run,  " 

This  difference  illustrates  that  the  behavior  of  an  aerosol  of  solid 
..si  mi*!#?  c.i:i  bs  lrr  ia«  introduction  of  gas ions;  it  is  not  safe 

to  conclude  which  aerosol,  i.e,,  with  or  without  Ion  Introduction,  la  the 
be  >,tor  cm.  The  aerosol  produced  in  the  presence  of  Iona  had  More  single 
pari  teles,  but  their  aerodynamic  properties  could  not  bo  deteralned  be- 
cauis  of  their  rapid  migration  to  the  walls. 

Also  plotted  in  Fig.  IX-9  are  quinine  runs  in  which  "raised  lone" 

{  produced  by  high  frequency  alternating  current)  were  generated.  Tbit 
run  gave  a  mtss  di stri button  pattern  only  slightly  different  from  the 
no -ions  run,  and  no  definite  conclusions  esn  be  Bade,  Microscopic  exami¬ 
nation  of  the  slides  froa  the  "nixed  ions"  and  "no  ions"  runs  revealed 
that  the  deposited  p«rticle-aggloseratei  fro*  both  runs  were  similar. 

D.  Discussion 

4  large  n unbar  of  nessureraente  were  node  on  the  electrostatic  prop¬ 
erties  of  the  bulk  powder,  and  it  was  found  that  abet  of  the  powder* 
tee  tod  carried  a  majority  of  negative  charged  particles.  Meet  of  the 
additives  were  also  strongly  negatively  charged.  Despite  their  original 
charge  distribution,  the  effect  of  mixing  an  additive  with  a  powder  re¬ 
sulted  in  a  neutral  powder  mixture.  The  neutralisation  of  a  powder  with 

an  additive  has  been  observed  in  other  studies,  e.g. ,  Hash  et  al.  (1965), 

.  •  • 

Wo ff laden  (1964), 

Co  relations  between  the  electrostatic  properties  of  the  bulk  powder 
end  its  aerosoli ^ability  were  not  evident.  In  fact,  there  are  indications 
which  suggest  that  the  electrical  properties  of  a  powder  in  the  hulk  stage 
considerably  different  frost  the  particle  properties  in  the  aerosol lsed 
Shaffer  (1962)  and  Owe  Berg  (1963)  noted  large  differences  in  the 
■sieutrie  charger  between  powder*  which  were  at  rest,  and  those  which  had 
?*»en  dlsswraiasted. 
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Th*  electrostatic  properties  of  a  powder  cam  bs  altered,  either  by 
v-::-anw»s  «y  by  ion  charging.  The  influence  of  Ion  charging  on  the  sere- 
eotisatioa  ot  quinine  was  quite  evident  in  this  program,  but  its  effect 

not  been  as  dramatic-  in  other  studies. 

In  a  recent  study  on  the  dl&semi nation  of  solid  and  liquid  agents, 
Wi’;itG8fj  st  al ,  (1965}  employed  a  corona -discharge  type  ion  generator 
'similar  to  the  Whitby  model)  to  study  the  effect  of  injecting  ions  into 
so  aerosol  cloud.  Tbs  material  used  was  powdered  sugar  with  a  cornstarch 
additive.  The  powder  was  injected  downward  from  the  top  of  a  one  cubic 
actor  chamber  while  tbs  ionized  air  was  injected  upward  froa  the  bottom 
of  the  chamber,  Positive  ions  were  injected  info  the  aerosol  cloud  (no 
runs  were  made  with  negative  or  nixed  ions). 

Their  results  showed  that  the  positive  ions  did  affect  aerosol  be¬ 
havior.  However,  the  change  was  small,  and  Whitnah  et  al.  would  not  con¬ 
clude  that  the  ions  actually  did  suppress  the  reagglomeration  of  the  aero¬ 
sol  ,  Because  of  changes  in  their  light  scatter  analysis  data  with  aerosol 
dilution,  they  concluded  that  "considerable  re agglomeration  could  have 
taken  place  during  the  settling  phase  of  any  aerosol  runs  reported  here 
and  escaped  detection."  It  is  probable  that  a  more  pronounced  difference 
in  «orG3ol  behavior  would  have  occurred  if  the  ions  were  injected  closer 
to  the  disperser  outlet.  Experience  In  this  laboratory  with  similar  ion 
generators  showed  that  the  ions  decay  very  rapidly  with  distance.  It  is 
quite  possible  that  the  aerosol  near  the  disperser  did  not  really  "feel" 
the  effect  of  the  ion  generator. 

In  his  discuaf'on  on  agglomeration  of  aerosols,  Woffinden  (1064) 
concluded  that  collisions  between  aerosol  particles  "are  caused  by  long- 
range  electrostatic  forces,  ar.d  that  agglomeration  ^adhesion)  Is  caused 
ly  short-range  electrostatic  forces."  He  indicates  that  random  collisions 
,*ro  extremely  rare,  as  compared  to  collisions  resulting  from  electrostatic 
forces .  *'*•  Ji  !  not  present  data  to  support  his  conclusions,  but  in 

Section  X  of  this  report,  reasoning  is  presented  which  strongly  suggests 
th.t  electrostatic  attraction  is  the  most  plausible  mechanism  for  the 
re-.gglomeratlon  of  the  aerosolized  particles. 
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X  DISCUSSION  ON  DIE 323a NATION  AND  REAJK&OKKEATION 


A ,  1  nirojluc  tl  on 

The  beginning  amv  sad  of  the  aerosol 1 sat ion  process  is  easily  stated. 
"Hitt  starting  material  is  a  bulk  pouder  of  solid  particles  1  to  10  micronc 

!ii  disaster,  end  it  is  to  be  disseminated  into  an  aerosol  cloud  contain- 

•  3  -8 

lag  10  to  10  ga  povder/cc  of  air.  This  concentration  requires  that 

0  7  3 

the  final  cloud  should  contain  10  to  10  perticles/cn  of  1-micron  size 

3  ,•  5  . 

o'-  JO  +*  jo  p*rtic!es/ca  of  10-aicrer. 

A  dry  presized  powder  was  specified  for  this  program  because  it  was 
postulated  that  leas  force  would  be  required  to  separate  single  particles 
than  to  cojsnimjte  bulk  material  and  that  an  aerosol  of  an  easily  con- 
trolled  else  distribution  would  bo  generated.  Unfortunately,  when  par¬ 
ticles  of  sizes  below  10-aicron  are  disseminated,  the  aerosol  particles 
are  usually  agglomerates  of  the  primary  powder  particles. 

Cloud  mass  concentration  depends  primarily  on  total  energy  dissipa¬ 
tion  .  in  any  dissemination  processes  almost  al?  of  the  eneigy  expended 
ia  used  to  dilute  th«*  suspended  particles  aerosol  clo^d.  Various 

aspects  of  concentration  and  energy  dissipation  are  given  in  another 
report.  (Ranz,  1967),  but  since  they  are  basically  Independent  of  particle 
size,  they  will  not  be  discussed  here. 

the  size  of  suspended  particulates  depends  primarily  on  the  forces 
and  stresses  which  cause  breakup  of  the  powder  agglomerates.  Since  the 
powder  must  bo  diluted  with  at  least  a  small  amount  of  air  before  the 
particles  can  be  said  to  b©  suspended,  breakup  is  intrinsically  connected 
with  the  dilution  process,  sacking  its  beginning  However,  large  scale 
dilution  ond  cloud  formation  are  essentially  a  separate  process,  and  it 


*  This  section  it,  a  revision  and  amplification  of  materiel  contributed 

it?  mersorandis  by  W.  £.  Rauz. 
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is  not  of  iasmdlsta  concern  bar*.  Tae  objective  of  this  program  m  to 
seek  quantitative  information  about  capabilities  and  Halts  in  the  breakup 
of  agglomerates  and  the  initial  dilution  of  the  particles  into  a  sus¬ 
pension. 

In  this  section  theoretical  considerations  are  shown  that  explain 
most  of  the  phenenesa  observed  in  tne  dissemination  of  dry  powders. 

Aspiration  of  a  powder  through  a  straight  tube  will  produce  some 
individual  particles  in  tee  5-micron  ran5e  by  impact  with  the  tube  wall. 
But  a  spiral  t’lbe  or  other  device  that  assures  impaction  of  all  parti- 

Tr 

eles  with  a  solid  surface  is  comsideraoly  superior  for  air  suspension 
cl  single  particles. 

Reagglomeration  of  particles  occurs  except  at  very  dilute  aerosol 
concentrations.  The  mechanism  for  reagglomeration  cannot  be  explained 
by  l)  contact  between  particles  during  turbulent  flow  through  the  tube, 

2)  contact  between  particles  in  the  air  Jet  at  the  exit  of  the  tube,  or 

3)  contact  during  the  settling  of  the  suspended  particles.  The  calcula¬ 
tions  show  that  electrostatic  charges  on  the  suspended  particles  is  most 
likely  explanation  for  reagglomeration. 

d.  Mechanics  of  Breakup  of  Agglomerates 
1.  Yield  stresses 

bach  particle  In  a  powder  bed  of  uniformly  sized  particles  touches 
other  particles  at  from  three  to  nine  contact  points ,  with  the  lower 
value  being  the  more  probable.  The  smallest  particles  will  have  a  Mini¬ 
mum  of  three  contact  points,  but  larger  panicles,  because  they  are 
surrounded  by  smaller  particles,  will  be  couched  at  more  points.  For 
particles  of  sines  less  than  severe..’  hundred  micron,  the  force  needed 

to  ctparate  each  contact  point  is  variously  estimated  and  measured  io 
-2 

he  from.  IO  to  1  dyne.  A  literature  review  on  adhesive  force  measure¬ 
ments  of  powders  and  particles  is  given  in  appendix  B.  This  contact 
force  was  found  experimental iy  to  be  proportional  to  particle  si. e. 


TO  simplify  tbs  theoretical  considerations,  the  dlecu.eei.on  on  the 
brwaJkup  of  agglomerates  is  limited  to  one  contact  point  between  two 
particles.  Alec,  the  change  in  binding  forces  caused  by  an  additive  is 
not  considered  here.  The  existence  of  an  additive  has  been  shown  else* 
where  in  this  report  to  reduce  the  binding  forces.  Although  the  effect 
is  observed  in  the  dissesin&tlon  process,  there  are  no  quantitative 
data  on  the  Magnitude  of  force  reduction  and  no  agreement  in  the  litera¬ 
ture  on  the  aechanisa  by  which  additives  operate.  In  what  follows  it 
Is  assumed  that  no  additive  effects  have  been  introduced. 


It  is  convenient  to  begin  the  discussion  by  considering  the  bind¬ 
ing  force  to  be  a  van  der  Waal  force.  A  simplified  equation  for 
van  der  Waal's  forces,  given  in  Poppoff  (1965),  p.  XII-39,  is  that  the 

force  between  two  spheres  of  diameter  D  is  F  =  KD  /2,  where  K  is  a 

P  P 

constant  associated  with  the  surface  energy  of  the  spheres.  For  most 

orgi  aic  materials  K  is  of  the  order  200  dyne/em.  For  1-micron  particles 

-2  -1 
this  force  is  10  dyne;  for  10  micron  particles  the  force  is  10  dyne. 

Iheae  forces  can  be  translated  to  apparent  yield  stresses  by  dividing 

them  by  the  projected  area  of  the  particle,  that  is,  10-2/(l0*4)2  = 

6.2  2  5  2 

10  dyne/em  fo_  '’-micron  particles,  and  10  V10  s  10  dyne/cm  for 

10-micron  particles.  The  apparent  yield  stress  of  final  breakup  increases 

with  decreasing  particle  size.  Indeed,  for  1-micron  particles,  it  reaches 

-2 

values  cf  the  order  of  10  times  the  yield  strength  of  particle  material 

itself.  In  a  sense  one  car  look  upon  l-mlcron  particles  In  contact  as 

~2 

welded  back  together  again  ever  an  area  equal  to  about  10  times  their 

-10  2 

projected  area,  or  bonded  by  <.  10  cm  patch  of  solid,  structured 
material  on  the  particle  surfaces. 


kutsn  applied  to  close  packed,  mu'*  .i-partlcle  agglomerates,  this 
method  of  estimating  yioH  'tress  will  continue  to  give  the  same  order 
of  magnitude  for  the  stress  as  that  for  the  final,  two-particle  agglom¬ 
erate.  With  wore  probable  open  packings,  the  yield  stress  wcutd  be  loss 
by  factors  of  two  or  three.  However,  one  should  etpect  the  apparent 
yield  stress  to  continue  to  be  primarily  a  function  of  particle  size, 
rather  than  agglomerate  size. 


For  esvaJ  1  particles  the  making  and  breaking  of  contact  forces  twite 
powders  to  flow  and  take  on  aoss  of  the  characteristics  of  liquids. 

■Powders  show  apparent  "viscosities”  and  "surface  energies,"  and  it  ia 
reasonable  to  espset  that  they  may  disseminate  only  as  well  as  liquids 
with  equivalent  ceehanical  properties, 

t 

It  is  useful  to  compare  the  contact  yield  stresses  with  the  surface 

tension  stress  or  "survival  stress"  of  liquid  drops,  40/D  ,  where  0  ia 

P 

the  surface  tension  and  the  drop  diameter .  For  organic  solvents  with 

a  surface  tension  of  the  order  of  25  dyne/ca,  the  yield  stress  is 

6  2  S  2 

10  dyne/cm  for  1-ssicron  drops  and  10  dyno/cm  for  lO-micron  drops. 

On  this  basis  of  comparison,  it  should  be  as  difficult  to  disseminate 

single  1-micron  solid  particles  as  it  is  to  obtain  1-micron  sprays 

(nearly  impossible) ,  and  to  generate  single  10-micron  particles  as  it  is 

to  obtain  10-micron  sprays  (always  difficult). 

3.  Gas  -dynamic  Stresses  in  a  Suspension  of  Agglomerates 

By  definition  of  pneumatic  dissemination,  the  applied  stresses  caus¬ 
ing  agglomerate  breakup  is  of  gas-dynamic  origin.  Therefore  final  breakup 
of  the  smallest  agglomerates  occur  in  a  suspension  of  agglomerates.  But 
the  stresses  arising  in  the  flow  of  ordinary  disseminating  devices  are 
rarely  large  erough  to  achieve  a  suspension  of  single  particles  with 
sizes  less  than  10-sicron.  The  maximum  possible  aerodynamic  breakup 
stress  rill  be  the  stagnation  pressure  of  air  at  some  maximum  relative 
velocity  between  air  and  powder.  The  value  of  this  stress  is  given  by 

p  V*/2g  where  p  is  the  density  of  air,  V  is  the  relative  velocity,  and 
a  c  a  2 

g  is  the  proportionality  constant  (1  gm  ca/dyne  sec  ).  For  the  practical 

C 

maximum  velocity  of  3  X  10  cm. 'sec  (sonic  velocity)  in  a  gas  disseminator, 

C  ,2 

the  largest  breakup  stress  is  10  /2  dyne/cm  ,  just  sufficient  to  give  a 
few  2-micron  agglomerates  in  the  small  end  of  the  suspended  sise  distri¬ 
bution.  For  the  sore  applicable  situation  in  which  the  breakup  stresses 

are  working  ca  already  accelerated  agglomerates,  Ran*  (1967)  calculated 

1-3 

Ui- t  the  values  are  from  H  to  10  times  less  than  the  maximum  givdb 

above , 
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3.  Collision  -»r  Impact  S trasses 

If  a  auspeat'**  particle  or  agglomerate  strikes  a  wall  or  another 
particle  at  r®l -tiv©  velocity  V,  It  will  bs  subject  sometime  during  the 

collision  to  breakup  stresses  at  least  as  large  as  the  plastic  stress, 

2 

P  V  /2g  ,  which  would  occur  if  the  particle  deformed  like  an  ideal  fluid. 

pc 

Here  p  Is  the  density  of  particle  material.  Thus  an  agglomerate  atrik- 
P  4 

lit  a  hard  aolid  surface  at  sonic  velocity  (3  X  10  cm/sec)  will  be  subject 

9  2 

to  a  breakup  stress  of  about  10  dyne/cm  if  the  particle  material  has  a 
density  of  2  ga/cc.  Not  only  is  this  a  sufficient  stress  to  break  1-micron 
contact  forces,  it  Is  large  enough  to  cause  further  grinding  of  jingle  escr- 
t‘cies.  Actually,  collisions  of  agglomerates  at  only  one- tenth  of  sonic 
velocity  should  eventually  produce  a  suspe««ion  of  l-micron  particles. 

Tims,  an  aerosol  of  single  solid  particles  with  sizes  less  than 
10-®icrons  can  be  obtained  by  a  fluid  regrinding  during  suspension.  And 
in  some  situations,  further  comminution  of  presized  particles  aay  have 
to  bo  avoided  by  limiting  the  maximal  stress. 

The  comminution  of  single  particles  on  collision  is  not  a  simple 
matter.  Early  studies  (i.e,  Fitz  et  al.  1955)  indicated  that  the  primary 
breaks  occur  because  of  a  concentration  of  shock  waves  reflected  from 
the  particle  surface  farthest  away  from  the  Impact  region.  More  recent 
research  by  McFarland  (1967)  rhows  that  there  is  no  sharp  breakup  stress 
at  which  particles  divided  into  pieces.  There  is  rather  a  wide  range  of 
applied  stresses  over  which  larger  and  larger  fragments  are  chipped  from 
the  primary  particle.  However,  somewhero  in  the  middle  of  the  range  of 
apparent  impact  stresses  where  breakup  is  observed  to  occur,  the  material 
yield  strength  value  is  also  found. 

C •  Qlaaemlnation  Methods  Using  Collision  Principle 

Dissemination  of  suspended  agglomerates  into  single,  micron-sized 
particles  h as  been  accomplished  in  several  ways  using  the  collision 
principle.  Fuchs  and  Selin  (1964)  for  example,  found  a  vast  improvement 
in  the  --rosol  when  the  powder  was  injected  through  »  spiral  tube; 

Baddorf  nt  al,  (1965)  found  that  a  con©  impactor  was  a  highly  efficient 
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tfJi'* coin* tor.  in  some  devious,  breakup  by  centrifugation  of  egglomerntsa 
a  w«L  s  corablaed  with  classification  where  ssallur  particles 
escape  J‘V>  an  outlet  from  the  vortex,  as  done  by  Perkins  et  al.  (1952), 

Grinding  Bills  which  produce  1-micron  particles  also  appeared  to 
dtipuud  on  the  mechanism  ol  wall-particle  or  particle- particle  collision. 
For  ext'jnplo,  in  the  Splnco  mill  described  by  Tanner  (1957),  10- mi  cron 

4 

particles  gi  yen  ac  angular  velocity  of  order  10  /2  cm/sec  by  a  turbulent 

Couetto  flow  are  centrifuged  againnt  a  stationary  outer  wall  at  a  radial 

3 

velocity  of  order  10  cm/sec.  They  traverse  axially  the  0.05  cm  gap  be¬ 
ta,  ton  rotor  and  stator  in  10  **  sec,  and  several  collisions  are  assured. 

Mr, ruption  may  bo  enhanced  by  spinning  off  tho  walls,  but  rotational 
velocities  Imparted  by  main  flow  vortlclty,  rotor  velocity  multiplied 
by  particle  sizo  and  divided  by  gap  width,  are  not  sufficient  for  breakup. 
Yhi a  mechanism  for  particle  breakup  is  not  the  same  as  that  advocated  by 
Tanner,  bur  tha  values  of  the  force  causing  breakup  is  of  the  same  order 
of  rciigni tnde. 

Gross  analysis  of  these  devices  can  be  made  by  relatively  simple 
eofiaJs.  Consider  first  wall  collisions  caused  by  turbulent  flow  at 
velocity  V  along  a  wall.  If  the  agglomerates  move  randomly  and  inde¬ 
pendently  of  the  gas,  then,  according  to  Levich  (1962),  the  impact  stress 

can  be  as  high  as  p  W#/2g  where  V7  is  the  root- mean- square  fluctuating 

P  4C  ,  3 

velocity.  For  V  =  3  X  10  cm/soc,  V  =  1.5  X  10  cm  (turbulence  intensity 

3 

of  five  per  cent),  and  P  »  2  gm/cra  ,  the  maximum  breakup  stress  can  be 

7  P  2 
as  large  as  5  X  10  dyne/cm  , 

Of  equal  importance  to  the  model  Is  the  collision  frequency.  This 

frequency  will  be  no  larger  than  nvVo  where  n  Is  the  average  number 

density  of  agglomerates  in  the  flow  over  the  surface.  If  it  is  a3sumed 

that  each  hit  breaks  »r.  original  agglomerate  into  partlc’^s  and  that  the 

agglomerate  remains  turbulently  mixed  in  a  direction  normal  to  the  impact 

surface,  th-rt  differential  changes  in  the  number  density  In  a  tube, 

5 ii  the  axial  direction  x,  is  -nO^Vdn/4  *  (nV  V6)nD^das  where  la  the 

diersetor  of  tho  tube.  For  n  =  n  at  *  «  0,  n/n  «  exp  (-4V ^as/eVD)  at 

o  o 

length  a  in  a  tube.  Thu a ,  after  60D  of  tube  length  In  a  turbulent  flow 
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stty  <V'/v  -4.  *  x  to  *},  tli#  number  density  of  «g$XoK*rote* 

L»4{5  x  H~2)(«o/€  )  } _ _  ,_2 


L  .jt  i>#  rj  ss  n  0 

«eg loserate  ccaeentratior  will  occur. 


o  '» 
o 


Ttoue  a  significant  decrease 


to  lapse t Ion  bead,  aueh  as  the  cotied  tube  described  elsewhere  in 
thtf  report,  causes  wall  collisions  in  a  more  positive  way.  If  as  ag- 

glome rate  follows  tbs  main  flow  at  velocity  V  in  a  bend,  it  will  be 


subjected 


a  centrifugal  acceleration  of  order  Ar  where  r  is  the 


radius  of  the  bead.  Fro®  Stoke* s  law,  the  radial  velocity,  X$  would  be 

r 


Particles  centrifuged  fro®  the  flow  would  hit  the  wall  at  velocity  V  if 

2 

the  irapactlcn  parameter,  p^D^V/lSj^r,  has  a  value  of  unit  or  larger.  In 
the  present  ease  a  5-raicron  particle  or  agglomerate  of  density  1.0  gm/cc 
will  h?ivo  an  Impaction  parameter  of  2.3  if  V  io  sonic  velocity  and  if 
the  radius  of  the  bend  is  1.0  ca.  Therefore  it  is  expected  that  the 
particles  will  hit  the  wall  at  a  velocity  nearly  equal  to  V.  The  fact 
that  the  flow  la  turbulent  would  not  change  this  conclusion. 

Nearly  all  of  the  particles  with  D  above  a  certain  "cut  size"  will 

P 

hit  the  wall  of  a  single  bend  or  an  impact  anvil.  According  to  this  cri¬ 
terion  ,  «t  sonic  velocity  of  air  the  radius  of  curvature  has  to  be  less 
than  0.10  e®  to  icpact  l-aicron  particles  (of  density  2.0  gw/cc)  and 
1.0  cm  to  impact  3~ micron  slice  particles  (see  Eanzf  1950). 

The  maximum  impact  stress  experienced  by  a  particle  hitting  the  wall 

4  9  2 

at  u  velocity  of  3  x  10  era/ sec  would  be  of  the  order  10  dynes/ew  ,  and 

it  would  experience  this  breaking  stress  perhaps  four  times  in  a  380°  spi- 

t  u  f  t  u  u  * 

Frora  f he  foregoing  it  say  be  concluded  that  the  breakup  of  fggloaer- 
,;t>  »  Bisaller  than  about  20  microns  require*  a  multiplicity  of  impacts  with 
•«>i  id  surfaces  to  break  tbea  into  primary  particles. 
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11  ‘  ^ecfeanical  Keagglomeratfon  of  H  ^aemlnated  Particles 

In  the  ferns t ion  of  any  aerosol  cloud,  considerable  attention  must 
r.«<*  g i vf7n  to  the  partlcl«  concentration  in  the  suspension.  At  large 
pari  tele  concentration  {greater  than  10  particles/ce),  reaggloserntion 
of  tho  aerosolized  particles  becomes  important.  Experimental  date  from 
this  program,  as  well  as  from  investigations  carried  out  by  Knutson 
(1956),  and  Palin  Valle  et  al.  (1954),  indicated  that  reagglomeration 
ia  u  real  phenomena.  For  example,  tbo  large  fluffy  agglomerates  of 
quinine  shown  in  Fig,  VII-29  dispersed  readily  into  many  discrete  one— 
micron  sized  particles  by  merely  adding  a  drop  of  oil  to  the  deposit. 


Sin co  grinding  of  the  quinine  particles  occurred  during  dissemination, 
it  is  obvious  that  the  formation  of  the  fluffy  aggloaer*»**»  could  only 
have  occurred  from  roaggloaeration  of  the  one-micron  sized  particles. 
Other  tests  with  saccharin  powder  also  point  to  a  strong  reagglooeration 
tendency  at  sufficient  high  aerosol  concentration.  In  the  following  dis¬ 
cussion,  the  possibility  of  reagglomeration  by  physical  contact  is  found 
to  be  an  insufficient  explanation  of  the  phenomena. 


1 .  Turbul ent  Collisions  in  the  Flow  Tube 


For  flow  in  the  tube  it  ic  assumed  that  the  particles  are  breaking 

,  t 

whets  they  hit  the  wall  but  are  reagglomerating  in  the  bulk  flow  along 

4 

the  center  of  the  tube.  At  an  air  velocity  of  V  »  2,9  X  10  cm/sec 
through  the  0.16  cm  diameter  tube,  the  Reynolds  number  of  the  tube  flow 

4 

is  2,8  x  10  ,  for  which  the  friction  factor  of  a  smooth  tube  Is  f  s 

“3 

6  x  10  .  The  friction  factor  f  can  be  interpreted  in  terms  of  volu¬ 

metric  mechanical  energy  dissipation  rate  e  by  tbo  identity,  c  « 

3 

(2p  V  /g  D)f,  For  air  at  the  above  conditions,  the  energy  dissipation 

rate  becomes  c  *  C(2)(l.l  X  i<f3)(2.9  X  104)3/(l)(0,16)](6  X  10~3)  * 

9  3 

2  x  10  orgy /sec  cm  . 

According  to  Levlch'h  equation  (Levieh  1962)  the  random  velocity 

of  rrarfcicJoa  lc; 
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2  X  10b  X  1  X  5  X  10*4/(1.1  X  10'3)  "I 
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ft'-r  fivsh-aitroa  particles*  in  th#  shim  reference  *J»  volume  trie  col- 

XtrioM  fre^ueaoy,  K  is  given  as  K  «  (rt/r)n  V  »  .  Unit  for  *  particle 

5  *  3  P 

•i«Kv;«rntraeioii  of  4,5  x  10  particles/cm  in  the  tube, 

»f  -  .•'•!•••••  4-.  S  X  105)“{104)(5  X  i<T4)2 

t 

10a  coll  its  ions/co**  sec 

^  » 

Thu  a,  N  /a  '»*  10  collie  Jona  per  particle  ner  second  are  expected,  but  the 

*  ->3 

particles  arc  in  the  20  ca  5 eng  tube  leas  than  10  sec.  The  result  ©f 

tho  calculation,  therefore,  ia  that  each  5-taicron  particle  will  collide 
►•.bout  one  time  with  another  particle  in  passing  through  the  tube.  The 
same  model  predict::  il^SEL/S  ccllioicns  wi:;h  the  wall  of  th<*  tube  per  unit 
time  and  nVrtD^/4  particles  per  unit  time  going  through  the  tube.  Super¬ 
ficially,  fcKeb.  particle  collides  with  the  wall  (4I/6Dt)(vVv)  <$*  30  times 
in  going  through  a  straight  tube,  but  the  central  particles  may  not  have 
tlno  to  migrate  to  the  wall  during  passage  through  the  tube.  Thus  the 
calculation  can  explain  breakup,  but  not  re agglomeration. 

2.  Collisions  at  Tube  Exit 

A  gross  approximation  of  tho  number  of  bouncing  collisions  each 

hard  aerosol  particle  will  undergo  with  other  particles  like  Itself  in 

tho  turbulent  mixing  field  of  a  free  jot  of  any  high  velocity  as  it 

travels  from  a  distance  x  in  front  of  the  orifice  of  diameter  D  to  any 

o  o 

axial  distance  x  downstream  is  given  by  Ran*  (1967)  as; 


\  la  somewhat  arbitrary,  but  it  should  bo  at  ’oast  the  distance  at  which 
breakup  no  longer  occurs.  For  tne  dissemination  conditions  below: 


-^5  3 

,  io  “  3  K  ?0  ga/'c=fi  ,  particulate  density  ot  cloud 

'’  .  jet  -Jtt  orifice, 

„  ,  3 

c  -  ?  gs^-cs  ,  oensity  of  particulate  Material  in 

particle. 

■~3 

n’K  ~  1,1  X  10  ,  air  or  gas  density  in  surroundings. 

' s?  P  * P  P  ,  density  of  cloud  Jet  at  orifice, 

g  pso  g 

Uf  0.16  cis,  orifice  or  initial  Jet  diameter. 

D  -  5  x  10~4  cm,  particle  sisse,  assumed  uniform, 

P 

r.  0.30  cm,  distance  beyond  which  breakup  no  longer 

occurs. 

K  SB 


The  number  of  collisions,  N  ,  calculates  to  be  0.30,  Indicating  that 

c 

each  particle  has  only  a  30$  chance  of  a  single  collision.  Even  if  this 

mm  2 

value  is  in  error  by  a  factor  of  10  ,  it  still  does  not  explain  the 

roagfe-omeratlon  of  the  largo  fluffy  ugglonerates  of  quinine. 


Collisions  in  the  Settling  Chamber 


In  the  slow  flow  before  the  settling  plates,  differences  in  settling 
velocities  can  bring  particles  into  contact,  the  mean  free  path  for 

straight  fall,  that  is,  the  distance  one  can  "see"  in  the  aerosol,  is 

2  • 
equal  to  //nrtD  .  In  the  settling  plate  section  of  the  chamber,  the 
P  «5 

aerosol  concentration  is  estimated  to  bo  1.5  X  10  particles/cc.  There¬ 
fore,  for  5-ralcron  particles,  the  mean  free  path  is  estimated  to  be  8  cm. 
if  difference'?  ij  settling  velocity  were  of  the  order  of  the  terminal 

velocity  of  a  single  5-aicron  particle,  that  is,  of  the  order  of 

-•I  - 

10  cm/soc,  then  it  would  take  several  minutes  lor  each  particle  to 

average  ono  collision.  Sines  the  particles  are  in  this  slow  flow  region 
for  only  half  a  minute,  simple  differences  in  settling  velocity  cannot 
explain  the  observed  reagglomeration. 


The  rule  of  electrostatic  attraction  can  be  treated  in  a  number  of 
ways ,  and  elaborate  novels  and  calculations  are  possible.  For  example, 
ono  could  work  m  toms  of  an  increased  "impaction  efficiency"  when 


,n-h’e  Copy 


•v  *  I  /  j  i  i 
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particles  pass  arse  another,  or  in  terms  of  an  increased  "impaction  cross 
section"  or  decreased  "mean  Tree  path."  One  should  note,  however,  that 
mechanical  collision  is  so  far  from  explaining  the  observed  coagulation 
that  electrostatic  attraction  alone  mu? i  provide  an  explanation,  if  there 
is  an  explanation  for  reagglomeration. 

In  the  critical  review  on  electrostatic  phenomena,  Lapple  (see  Poppoff 
1885,  Section  XII)  worked  out  a  chart  in  which  the  charge  on  a  particle, 
expressed  as  the  specific  surface  gradient  (volts/micron)  is  related 
to  the  coagulation  rate  for  various  aerosol  concentrations.  This  chart 
is  reproduced  In  Fig,  X-l. 

Data  on  the  specific  surface  gradient,  2^,  °f  aerosolized  quinine 
are  not  available.  However,  some  data  on  saccharin  are  available,  and 
since  saccharin  aerosolizes  similarly  to  quinine,  the  discussion  below 
should  be  applicable  to  both  quinine  and  saccharin.  Owe  Berg  and  Flood 
(1963)  measured  the  electronic  charges  on  saccharin  which  had  been  pneu¬ 
matically  disseminated  through  a  hypodermic  needle  at  air  flow  of 
3 

1.5  X  10  cm/sec,  and  found  the  charge  to  be  approximately  4  coulombs/Kg 

or  a  specific  particle  surface  gradient  of  «0.5  volts/micron.  Since 

2  increases  «ith  icorec*’ing  air  flow,  values  of  1,0  volts/p  for  saccharin 
P® 

would  not  be  unlikely  for  sonic  dissemination.  Referring  to  Fig.  X-l, 

-5  ,  . 

for  an  aerosol  cencentr at ion  of  1  X  10  gm/cc  (in  the  settling  plate 
section)  and  an  2  oi  1,0  voits/u,  the  rate  of  decrease  of  concentration 

p  v  -1 

is  approximately  100$  in  10  sec.  Even  if  this  value  is  off  by  several 
orders  of  magnitude,  the  coagulation  rate  due  to  electrostatics  is  suf¬ 
ficiently  M$h  to  account  for  the  reagglomeration  phenomena. 

In  &  recent  ready  On  aerosol  reagglomeration  Knutson  (1965)  found 

that  the  observed  reaggloraerafio:*  coefficient  for  saccharin  d’-a  to  dif- 

-  5 

ferentiol  settling  of  an  aerosol  was  approximately  2.3  X  10  ./sec. 

—  6 

Howaver,  the  theoretical  agglomeration  coefficient  was  only  1.3  x  10  cc/ 
sec,  &  factor  of  1?  lower  than  the  observed.  Even  after  making  allow^- 
for  increased  agglomeration  because  of  the  existence  of  a  poly- 
dispersed  aerosol  (rati..*-  than  a  monodispersed  one)  and  for  the  presence 
of  turbulence,  the  experimental  agglomeration  coefficient  was  still 
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higher  than  the  theoretical  by  a  facto?  of  10,  Ho  concluded  that  electric 
charges  on  the  particles  probably  were  the  canes  of  the  discrepancy .  If 
the  data  of  Owe  Berg  and  Flood  (1963)  for  the  electric  charge  of  saccharin 
is  extrapolated,  then  a  specific  surface  gradient  oi  approximately 
0.7  volts/aicron  is  obtained.  Than  for  an  aerosol  concentration  in  the 
one  cubic  meter  chamber  of  0,0005  go/ A,  the  rate  of  dacrecse  In  aerosol 
concentration  (from  Fig,  X-l)  would  be  of  the  order  of-  5G$>  per  second. 

This  number  would  be  sufficient  to  account  for  the  higher  reagglomeration 
coefficient  observed  by  Knutson  (1965).  ;  ..  !f  -  . 
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Appendix  A 

LITERATURE  REVIEW  CM  ADHESIVE  FORCE  OF  D0TOER3  ANP  PARTICLES 
AND  THE  EFFECT  OF  ADDITIVES  ON  ADHESION 

A,  Introduction 

In  connection  with  hulk  properties  measurements ,  a  literature  survey 
was  made  on  the  adhesive  forces  of  powders  and  particles.  Adhesive  force 
measurements  are  considered  Important  because  they  are  most  likely  the 
correlation  between  a  bulk  powder  characteristic  and  its  aerosol lzability. 
The  aerosol izat ion  process  is  basically  one  of  separating  particles;  there¬ 
fore  it  is  logical  to  expect  particles  whose  adhesiveness  Is  reduced,  to 
aerosolize  more  easily  than  particles  which  are  tenacious. 

The  review  covers  (l)  the  methods  for  measuring  adhesive  forces, 

(2)  the  values  obtained  by  the  different  methods  and  (3)  the  mechanism 
by  which  additives  operated  to  reduce  the  adhesive  forces  between  par¬ 
ticles. 

B.  LI  terete  re  Hex-lews 

There  have  been  a  number  of  i scent  literature  revives  on  the  adhesive 
forces  of  particles  aad  rowers,  JSorgan  (1S61)  prepared  a  review  on  the 
Adhesion  and  Cohesion  of  Fine  Particles,  The  areas  covered  by  hi*  iaelrusd 
(l)  measurement* '.eu  powders ,  (2)  long- range  forces,  (3)  adsorbed  layers, 

(f)  electrostatic  ch*iz  (*)  the  nature  of  the  contact.  In  hi*  lit¬ 

erature  search  on  the  lie  dm  si  as  of  Aohweioe  Between  Solid  Aeroso.  Particles : 
Owe  Rerg  disco*  said  {l)  adhesion  bet weep  targe  solid  bodlee,  (2)  ad- 

beston  bwtmwen  pc*d»ur  i-t  ids*  (3j  eosjeaceorie  of  solid  bodies  end  parr  . 

tld>*  (*}  fl&vs&illiy  and  ;«ggioe*rttlaii  is  powder*  {$)  effect  of-ptwct.ro- 
f  charge  and  fS)  ippU.eit.l««f  to  aerosol*.  Ikay  of  th*raa me  Mt^ocff 

eu-e  'reviewed  by  Oort;  (lPSSa)  in  hie  rSvffev  on  the  Mhsdloo  of  Solid  Par-, 
tides  to  Solid  Scr^ucea.  A  *<-«ewhat  morv  ^tailed  review  i-s  given  16 
Corn's  {afdjb}  Fh.D.  ti>)sd*.  Akln.t^  general  subject  of  adhaeioi  of  9*r-' 

.  .  f-  ■  *-  ’  ‘  •  ...  ...  • .  . 

tides  is  the  Pfc.D.  thesis  of  Larsen  Fundamental  Studies  of 


Partlela  Dynamics  and  Adhesion.  A  good  review  on  the  method*  _  f  Adhesion 
Measurement  Involving  8®*H  Particlea  ia  presented  by  Boehiae  *t  al.  (ld€2). 

Although  the  above  are  tho  major  review*  noted  on  adheeion  of  pat- 
tides ,  there  are  many  smaller ,  hut  nevertheless  comprehensive,  . -oorts  on 
particular  aspects  of  adhesion.  These  references  csn  be  found  by  scanning 
the  reviews  shove.  Some  references  may  also  be  found  in  the  Bibliography 
on  Pneumatic  Ciasaai jation  «♦  Dry  Powders,  which  is  included  as  Appendix  C 
of  thie  report. 


C,  Methods  for  Measuring  Adhesive  Poroee 

Boehue  et  al.  (1863)  glvee  a  good  review  of  the  various  methods  for 
measuring  adhesion  force.  They  described  them  as  (l)  the  weighing  method, 

(3)  the  pendulum  method,  (3)  the  aerodynamic  method  (4)  the  centrifuge 
method  and  (?)  the  incline  plane  set nod,  The  weighing  Method  Involved 
measuring  the  force  reouired  to  separate  particles  from  each  other  or  from 
a  substrate.  The  pendulum  method  le  similar  to  tba  weighing  method  except 
the  gravitational  force  of  the  object  being  measured  becomes  the  separating 
force.  The  substrate  to  which  t^e  suspended  particle  adheres  ia  rotated 
until  the  particle  falls  off..  1c  the  aerodynamic  method,  an  air  stream 
Is  directed  at  a  particle  and  the  force  required  to  move  or  dislodge  a 
particle  is  oomputed.  The  centrifuge  method  employe  centrifugal  forces 
to  remove  particles  from  a  substrate.  Tha  incline  method  differs  from 
the  other  four  in  taat  the  adhesive  force  of  a  bulb  powder  nsa*  Is  mea¬ 
sured  rether  thau  the  forces  of  individual  particles.  The  method  involves 
tilting  a  powder  bed  until  the  powder  mass  slides  off 'due  to  .the- - ifo.r r  .*  of  . 
gravity, 

Benarle  (lSQS)  employed  a  Gotie'tte -viscometer  to  measure  the  cohesive 
forces  within  a  powder  mace,  but  j»i.a  so-called  "Cession  factor”  was  not 
directly  translatable  to  coheeioa  force  (in  dynes).  His  experiment  a  were 
wry  Similar  to  the  vl4«esit?  meesurwawnt*'  made  ia  'this  program.  f 

From  thv  discussions  and  rs^iew*^  it  app&fcred  tb»i  the  centrifuge  ]■ 

•  •  '  -  ''  '  i 

m»tfcod  ws#  th#  SMSt"  reliable  a ejU-tod-  for  mte&irlng  adhesive  force.-  Boehm  * 

at  4<  (1883)  considers*;  it  as  the  meet  accurata  one  for  msaauySH*  ws all 

'  214  '•  ’  .  -  - 
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particles  2^  to  50p.  The  aerodynamic  set hod  assumed  a  certain  air  velocity 
piofile  in  the  calculation  of  forces  acting  on  the  particle;  however,  this 
assumption  is  difficult  to  verify  experimentally.  Measurements  via  the 
weighing  or  pendulum  method  are  limited  to  large  particles  generally  larger 
than  25p.  Although  the  tilting  plane  method  has  been  widely  used,  there 
is  considerable  debate  regarding  its  validity.  Because  the  method  was  Cur¬ 
rently  being  used  in  this  program,  detailed  review  of  the  method  is  given 
below. 

1«  Creme r,  Conrad  and  Zraus  (1952) 

The  tilting  plane  aethod  was  developed  by  Cremer  et  si.  (1952),  who 
proposed  that  the  adhesive  force  of  a  powder  bed  can  be  deteridned  by  plot¬ 
ting  mg  cos  6  vers&s  mg  sin  3  where  e  is  the  mass  of  powder  an  a  plate 
sliding  off  at  the  angle  6  when  the  plate  is  tilled  from  the  horizon,  end 
g  is  the  acceleration  due  to  gravity.  By  increasing  the  mass  of  powder 
each  time,  a  number  of  points  are  obtained  throagh  which  a  line  can  be 
drawn.  The  slope  cf  the  line  is  the  coefficient  of  friction  fc-r  the  pow¬ 
der  &{Lis.  while  the  intercept  of  the  lire  with  the  ordinate  is  the  ad¬ 
hesive  force. 

Apparently  the  reproducibility  of  the  technjjque  was  good,  and  they 
were  able  to  predict  the  particle  sizes  froa  knowledge  of  the  adhesive 
forces  of  the  powder  Masses. 

2,  Orr,  fallaValie,  Stonecypher  and  Corbett  (1957) 

In  their  study  cf  agglomeration  &s4  dsagglcraeration  of  solid  par¬ 
ticles,  Orr  el  si,  (195?)  duplicated  Cromer's  method  for  measuring  ad¬ 
hesive  force,  but  obtcimftd  a  rather  large  spread  in  the  data.  They  tried 
to  iffipr'fve  the  technique  by  several  innovations,  but  the  reproducibility 
ma  not  significantly  better.  Orr  et  *1.  defined  the  wsasurement  as  shear 
force  studio  rather  than  adhesive  force. 


3.  Sash,  Ae Her  and  Le  .ter  1963) 

Nash  et  al,  (i960)  suplovedT  Crsisser’s  method  for  saccharin,  untreated* 
and  saccharin,  treated  with  1$  Cab-Q-3ii~  They  experienced  difficulty  in 
coatiae  the  ol&te  with  a  layer  t»f  powder  permanently  affixed  to  the  surface 


Thfc  difficulty  w»*  is  3btaVaisg  <*  unions  ce*i  <og.  Therefore,  they  em¬ 
ployed  a  polished  aluminum  pluto  £ud  consequently  the  measurement  may  not 
ce  the  adfessf-ve  Tcrco  between  the  pcwde?  part  tries,  bus  rathe*  between  the 
partitas  aid  tie  aliinivjw  plate.  For  rcatsted  reasons  they  did  not  con¬ 
tinue  the  study,  and  the  only  d*ttc  presented  was  that  given  for  saccharin. 
Untreated  saccharin  gave  an  ’adhesive  power’’  of  IOC  dynes  while  the  Cab- 
0-811  *  rested  sasple  gave  approximately  80  dyuas. 

‘i .  Patat  and  Scteald  (i960) 

Patat  and  Schaid  (i960)  wade  a  detailed  experimental  investigation 
into  Creator's  method  and  concluded  that: 

a.  The  scattering  of  resu^.s  was  large  compared  with  the  vari¬ 
ations  in  tc«  so-called  ;  Tiesive  force. 

b.  Crenar;o  claj«  t’int  the  ac..-sioc  between  powder  at*d  sub¬ 
strate  as  Treasured  tv  their  method  implies  that  the  powder 
".i.'i s  is  prseMc&ll?  rieid.  Residual  particles  were  ob- 

?i, '•ved  on  the  lr.eiinei  plane  after  the  measurement ,  in 
cc  it “edict ion  to  implicit  assumption  of  a  rigid 

powder -BT  SB. 

i  -.e  "adfaesi^i  force"  is  markedly  reduced  if  spherical 
articles  are  '-.jed  instead  of  irregular-shaped  ones, 
ruis  point  j  ft,  »  'ball-bearing"  effect  which  was  assumed 
to  be 

c.  -tegative  "adhesive  forces"  are  measured}  a  fact  which  is 
iu  teas latent  with  the  physics  of  the  system. 


5.  fchlta&J;  fl96lj 

i^wk*  n  ^ a^m 

in  their  study  or.  the  dissemination  v?  solid  and  liquid  BW  agents, 
’Shitnah  (1961 )  employed  Cromer's  method  to  determine  the  coefficient  of 
friction  between  talc  and  Ss  powders  oa  alumina®,  glass,  Teflon  and  stain¬ 
less  steel  bases.  However,  they  encountered  difficult!  s  which  they  de¬ 
scribed  as:  "For  small  saevee  of  powder,  there  wna  no  angle  at  which  the 
mass  would  slide  off  (up  to  90°).  Tot  larger  n&sses,  the  powder  would 
bre  \k  awsy  from  the  mass  in  varying  amounts  and  slide  off.  The  entire 
mass  of  powder  would  seldom  elide  off  rt  ths  s&a3  time."  He  solved  the 
protuem  by  compacting  the  powder  (with  cpprtsxiaetely 2 50  psi  of  pressure) 
and  then  putting  the  compacts  oa  the  tilt  table.  The  reproducibility 
was  improved  by  this  modification..  Deviation  of  the  angle  of  slide 


(the  reproducibility)  varied  £ rC-a  1,2?  for  t'Ur.  On  f'rlio?!  ha«u  to  8.3° 
for  Sh  on  aluriinum  bs#a.  Altho”4'*8  *»«»  did  not  consider  tiw  to 

nullify  th«  method  for  ?*sttaring  coefficient  of  friction,  there  is*  rfeayos 
to  believe  that  it  does. 


6.  Owe  Berg,  Bunking  and  Stanabury  (2963) 


Using  silica  sand  40  to  20%,  Owe  Berg  et  al«  found  that  the  force 
of  adhesion  between  p&rticics  is  proportional  to  the  particle  surface 
area.  Because  they  were  interested  in  the  effect  of  humidity,  the  mea¬ 
surements  were  performed  in  a  controlled  humidity  box  using  mechanical 
manip”lctOT8.  Although  the  •  expressed  that  some  element  of  Judgment  on 
the  part  of  the  operator  is  involved  in  the  technique,  they  she'-d  that 
the  shapes  of  the  curves  obtained  by  two  operators  were  essentially  the 
same.  Consequently  for  the  material  measured,  it  appeared  that  they  con¬ 
sidered  the  method  valid  and  reproducible. 


?,  Baerns  (1966) 

Baerns  employed  brewers  method  to  measure  the  interparticle  adhesive 
force  of  spherical  iron,  spherical  nickel,  glass  balloons,  atd  irregular¬ 
shaped  alumina  partielcc.  Adhesive  forces  for  glass  balloons  smaller  than 
115p  could  not  be  obtained  due  to  nonreproducible  results.  However,  he 
did  not  indicate  any  difficulty  with  the  other  materials,  nor  did  he  indi¬ 
cate  any  difficulty  with  the  procedure.  He  calculated  the  adhesive  force 
of  the  individual  particles  by  estimating  the  number  of  contact  points  be¬ 
tween  the  sliding  particles  and  the  nonsliding  particles.  This  number  can 
be  estimated  by  dividing  the  area  of  the  powder  be-i  by  the  cross- sect ional 
area  of  one  particle,  or  roughly,  the  area  of  the  bed  divided  by  the  (mass 
mean  diameter;  . 


In  his  review  on  the  various  methods  for  measuring  adhesive  forces  of 
small  particles,  Boehme  et  al.  (1962)  concluded  that.  Cramer’s  method  is  not 
an  objective  method  for  measuring  adhesive  forces  between  a  wiss  of  par¬ 
ticles  ana  a  substrate  because  of  the  insufficiently  explcrea  relationship 
between  adhesion  and  friction  and  the  complicated  nature  of  the  alidi..g 
process.  Creator's  method  is  v«Hd  for  a  powder  mass  which  is  practically 
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rigid.  However,  the  lask  of  rigidity  in  many  powders  affects  the  results 
sad  minifies  their  correlation  with  results  obtained  from  other  systems. 

D,  Piscu&fJon  of  Results 

Hit.  adhesive-  forces  given  by  Cramer  et  al.  are  given  in  Table  A-l 
belo-p.  They  s re  the  adhesive  forces  for  the  powder  bed  as  a  whole.  Care¬ 
ful  scrutiny  of  their  paper  revealed  that  the  powder  mass  was  placed  on  a 
smooth  substrate,  such  that  the  adhesive  force  may  be  between  the  powder 
particles  and  the  substrate,  rather  than  between  powu.r  particles. 

Table  A-l 

RESULTS  FROM  CREMES  et  si.  1952 


Powder 

Size 

2 

Substrate,  cm 

Adhesive 

Force 

(dynes) 

Adhesive  1 
Tension 

Magnesite 

200~300p 

Glass  Plate  (2.84) 

110 

0.97 

150-200 p, 

180 

0.S9 

88-I50y 

235 

0.99 

75”88p 

• 

330 

0.95 

60-'75p 

’ 

480 

1.14 

Kagnesite 

200-300 }i 

Pressed  Magnesite  Plate  (3.48) 

IOC 

0.72 

150- 200 |i 

140 

0.70 

88-150 y 

210 

0.73 

75-88)4 

310 

0.72 

60-75y, 

1 

t 

360 

0.70 

Magnesite 

200-300 (j, 

Kickel  Plate  (3.83; 

105 

0.69 

150-200)4 

150 

0.69 

88-150u 

220 

0.89 

75-88p 

320 

0,68 

60-75)4 

1 

390 

0.69 

Iron  Powder 

150- 200 p. 

Kickel  Plate  (3.83) 

15 

0.07 

lOO-lSOp 

20 

0.06 

60- 100 y. 

30 

0.06 

60  [A 

>  ■ 

110 

— 

Molybdenum 

11“ 

Molybdenum  Plate  (4.0) 

1400 

0.38 

Powder 

2*5{A 

* _ j 

6100 

0.38 

Greater  et  al,  found  that  the  adhesive  force  of  a  powder  mass  was  in¬ 
versely  proportional  to  tfc®  particle  diameter.  They  also  noted  some  other 
relationships  which  have  not  been  widely  quoted,  but  which  are  quite  in¬ 
teresting.  They  found  that  (l)  for  &  mixture  of  an  adhesive  and  a 
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nonadhesive  powder,  the  adhesive  force  was  directly  proportional  to  the 
amount  of  the  adhesive  powder  present  in  the  mixture.  { 2 )  There  is  an 
adhesive  tension  which  Is  a  constant  for  a  particular  powder/base  system, 
Irrespective  of  the  size  range  of  the  powder  {see  Column  5,  Tabic  A-l). 

(3)  A  mixture  of  two  adhesive  powders  behaves  similarly  to  a  single  powder 
is  that  the  adhesive  force  varied  In  inverse  proportion  to  the  average 
particle  size  of  the  mixture.  (4)  In  powders  which  contain  very  fine  par¬ 
ticles  (less  than  lp)  the  adhesive  force  measured  is  that  due  to  the  fine 
particles,  since  it  is  these  which  touch  the  plate  and  determine  the  ad¬ 
hesion. 

The  adhesive  forces  measured  varied  from  10  dynes  for  iron  powder  on 
glass  base  to  6100  for  molybdenum  powder  on  a  molybdenum  plate. 

Baerns,  using  Cremer's  method  but  modified  by  gluing  on  a  fixed  layer 
of  powder,  found  that  the  adhesive  force  was  directly  proportional  to  the 
particle  size.  The  contradiction  was  temporarily  exasperating,  but  on 
closer  analysis  there  was  no  real  discrepancy.  Ihe  data  given  by  Creraer 
wag  the  adhesive  force  of  a  powder  mass  whereas  Baerns  gave  the  "inter- 
particles"  adhesive  force.  In  some  articles  the  adhesive  forces  were  not 
clearly  defined,  and  on  hurried  reading,  the  two  forces  can  be  confused. 

Ihe  results  of  Baerns  (1966)  are  given  in  Table  A-2  below.  If  the 
mathematical  formulation  of  Baerns  was  us-d  to  calculate  the  interparticle 


Table  A-2 

RESULTS  FROM  BAERNS  (1966) 
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adhesive  forces,  then  Cretaer’s  particle-to-partlcle  forces  would  be  In 
-2  -4 

the  region  10  to  10  dynes,  which  is  similar  to  Baer ns, 

Baer  ns  also  differentiated  between  the  experimentally  determined 
"interparticls  force':  and  the  'effective  interparticle  force"  and  con- 
eluded  that  they  were  not  equal.  The  distinction  between  the  two  Is  not 
clear.  To  quote  Ba’eras,  "the  interparticle  adhesive  force  determined  the 
stability  of  the  channels  which,  in  turn,  established  the  fluidizability 
of  a  particulate  material.  The  effective  interparticle  force  is  related 
to  the  adhesive  force  of  a  psrticl.e,  but  it  is  also  influenced  by  other 
effects  such  as  the  inhomogeneify  of  the  (fluid)  bed  structure." 

Nash  et  al.  gave  the  adhesive  force  of  the  powder  bed.  However, 
since  they  did  cot  mention  the  area  of  the  powder  bod,  it  was  impossible 
to  compute  the  adhesive  force  of  the  particles. 

As  mentioned  earlier,  Orr  et  al.  found  that  the  adhesion  ot  scat 
powders  was  so  low  that  the  results  were  inconsistent ,  and  no  general 
conclusions  were  made  regarding  the  shear  forces.  However,  in  a  later 
paper,  Kordeckl  and  Orr  (i960),  using  a  centrifuge  method  for  removing 
particles  from  surfaces,  found  an  increase  in  adhesion  with  Increasing 
particle  size. 

Boehme  et  al.  (1862),  also  using  a  centrifuge  method,  measured  the 
adhesive  forces  of  starch,  iron  and  iron  oxide  powder*:.  For  starch  par¬ 
ticles  on  a  starch  substrate,  the  adhesive  force  (0.02  to  2  dynes)  were 
independent  of  the  particle  size  in  the  size  range  7-21u.  For  2p  to  4p 
iron  or  iron  oxide  particles,  th*  adhesive  force  (0.01  to  0.02  dynes) 
was  roughly  proportional  to  the  particle  size.  Ho-vever,  because  of  the 
limited  size  range  investigated,  Boehme  may  have  overstated  the  relation¬ 
ship.  By  oxidation  and  reduction  of  the  iron  particles,  smooth  and 
wrinkled  surfaces  were  obtained.  They  conteuded  that  smooth  surfaces 
allowed  for  larger  areas  of  contact  than  wrinkled  surfaces  and  hence  the 
measured  adhesive  forces  between  smooth  surfaces  were  a  factor  of  10  higher 
than  forces  between  wrinkled  surfaces. 

Corn  (1961b)  employed  a  quartz  cantilever  micro balance  for  adhesion 
measurements,  and  concluded  that  the  adhesion  Increase  directly  with 
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particle  size  for  quarts  .md  Pyrex  particles  25-88p  diameter.  Adhesive 
forces  were  in  ihe  range  o.Gi  to  1.5  dynes.  Using  glass  plates  of  vary¬ 
ing  roughness,  Com  observed  a  decrease  in  adhesion  with  increased  surface 
roughness.  He  also  compared  the  adhesive  forces  between  fibers  with  round 
and  spherical  ends,  and  found  the  spherical-end  fiber  to  have  a  slightly 
higher  adhesive  force. 

haraen  (1958'  using  air  jets  for  dislodging  the  particles,  indicated 
an  increase  in  adhesion  with  particle  size.  However,  he  observed  an  in¬ 
crease  in  adhesion  with  surface  roughness,  which  in  contrary  to  the  find¬ 
ings  of  other  investigators.  In  his  review  Corn  (1961)  attributed  the 
anomaly  in  Larsen's  results  to  electrostatic  charges. 

Morgan  (1961)  reported  that  Dawus  (1952)  obtained  adhesive  forces 
which  were  inversely  proportional  to  the  square  of  the  particle  size. 

Investigators  using  the  centrifuge  method  have  obtained  adhesive 
forces  of  the  same  size,  in  the  range  9.01  to  1.0  dynes.  However,  since 
particles  of  the  same  material,  and  under  identical  conditions  have  shown 
a  variation  in  adhesive  force  of  two  or  three,  it  is  not  surprising  to 
expect  a  wide  range  of  values. 

If  the  force  required  to  separate  two  particles  was  0.1  dyne,  then 

the  energy  expended  to  separate  the  particles  to  a  distance  of  O.lp,  (1000A) 

-4-6 

apart  would  be  0.1  dyne  X  0.1  X  10  cm  -  1  X  10  ergs.  This  value  is  in 

line  with  the  estimate  given  in  the  critical  literature  review,  in  which 

the  binding  energy  for  solid  structure  adhesion  was  approximately 
-6 

5  X  10  ergs. 

In  general,  then,  the  adhesive  force  of  a  powder  mass  varies  inversely 
to  the  particle  diameter;  the  adhesive  force  between  particles  varies  di¬ 
rectly  with  the  particle  size;  and  adhesive  force  between  objects  decreases 
with  surface  roughness.  These  correlations  are  fairly  well  established 
and  supported  by  all  the  investigations. 

Except  for  the  work  by  Corn  on  the  adhesion  of  round  and  spherical - 
end  fibers,  there  was  almost  no  data  on  the  effect  of  particle  shape  on 
adhesion.  Ho  correlation  between  particle  size  distribution  and  adhesive 


force  was  found.  However,  it  is  generally  agreed  that  the  adhesive  forces 
wuld  be  greatly  reduced  if  the  powder  contained  only  smooth,  spherical 
particles  of  a  uniform  size  since  such  a  system  would  have  minimum  number 
of  particle-to-particle  contact  points.  Based  on  this  hypothesis  Lerman 
and  Bartsch  (1965)  prepared  smooth,  spherical  particles  from  irregularly 
shaped  ones.  Aerosol izat ion  tests  of  the  original  and  treated  powders 
showed  that  the  treated  powder  contained  fewer  agglomerates,  and  this,  the 
authors  concluded,  was  due  to  the  change  in  the  shape  and  size  distribu¬ 
tion  of  the  particles. 

E.  Mechanism  of  Additives  and  Their  Effect  on  Adhesive  Force 

A  considerable  amount  of  time  was  devoted  to  the  use  of  additives 
for  powder  modification.  In  support  of  this  work,  a  review  of  the  litera¬ 
ture  was  made  on  the  mechanism  by  which  additives  operate.  If  the  mech¬ 
anism  is  known,  then  the  effect  of  an  additive  on  a  powder  can  be  predicted. 

There  was  some  evidence  (primarily  from  electron  microscopy)  which 
indicated  that  the  additive  functioned  by  attaching  itself  around  tne  base 
particles.  Hash  et  al.  (1965),  Cralk  (1958)  and  WLitnah  (1964)  have  shown 
electron  photomicrographs  of  powders,  treated  and  untreated,  which  reveal 
a  coating  of  additive  particles  around  the  base  particles.  There  is,  how¬ 
ever,  no  evidence  to  elucidate  the  mechanism  by  which  additive  alters  the 
physical  and/or  chemical  properties  of  base  particles. 

For  tho  svstem  Cab-O-Sil  (0,014)  -  Carbowax  powder  (llpi  MMD) ,  Nash 
et  al.  (1965)  indicated  that  the  coating  occurs  by  attraction  between  the 
negatively  charged  Cab-O-Sil  particles  and  the  positively  charged  Carbowax 
0000  p«rtlcles.  They  showed,  by  means  of  electron  photographs,  how  the 
smooth  surface  of  the  carbowax  particles  is  made  rough  by  the  coating  o' 
the  tiny  irregularly  shaped  Cab-O-Sil  particles.  They  suggested  that  the 
change  in  tbe  flow  properties  Is  caused  by  the  Cab-O-Sil  layer  acting 
"as  a  layer  of  tiny  ball  bearings,  permitting  the  Carbowax  0000  particles 
to  slide  over  each  other  more  easily..., :>  If  the  Cab-O-Stl  particles 
act  as  ball  bearings,  then  it  would  appear  that  the  flow  properties  of 
a  2#  addition  or  a  3$  addition,  would  be  equal  to  the  1$  mixture.  Instead 
they  found  that  excessive  Cab-O-Sil  particles  (sore  than  that  required 
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to  give  one  complete  coating)  was  detrimental  to  the  flow.  The  ball 
bearing  concept  also  implies  that  the  Cab-O-Sil  particles  are  lightly 
attached  to  the  Carbowax  ones,  and  that  there  is  no  preferred  orienta¬ 
tion  of  the  silica  particles.  It  would  be  revealing  to  determine  whether 
or  not  the  Cab-O-Sil  particles  are  strongly  attached  to  the  Carbowax  par¬ 
ticles. 

In  his  review  on  flow  properties  of  dry  powders  Crosby  (i960)  states, 
"reduction  of  surface  roughness  and  alleviations  of  stickiness  are  accom¬ 
plished.  ..by  the  use  of  'lubricants'  or  'glidants,*  as  they  are  sometimes 
called."  He  suggested  that  the  role  played  bj  the  fineness  may  be  that 
of  filling  in  the  surface  impressions  of  the  largei  particles.  The  smoot!’®- 
the  surfaces  of  the  particles  become,  the  better  the  flowability  of  the 
small  sine  classes."  Although  the  relationship  between  smooth  surface 
and  flowability  is  obvious  for  macroscopic  bodies,  the  concept  may  not 
be  true  fcr  microscopic  particles.  There  has  not  been  any  exhaustive  ex¬ 
periments  which  showed  that  smooth  particles  in  tne  l~10p  range  flow  better 
than  irregularly  shaped  ones  (excluding  needle-shaped  or  other  unusual 
shaped  particles).  Thus  Crosby's  hypothesis,  that  flowability  is  increased 
by  the  fines  filling  the  impressions  of  the  base  particles,  thus  producing 
a  smoother  surface,  is  based  more  on  thoughts  than  on  facts. 

In  their  study  on  deagglomerating  agents,  Owe  Berg,  Gernish  and 
Flood  (1963)  contended  that  an  additive  works  by  forming  an  agglomerate 
of  the  order  of  25p  in  size  with  particles  of  the  base  powders.  The  b  ids 
holding  these  agglomerates  ars  comparatively  weak  and  a. a  readily  broken 
up  by  impaction,  friction,  etc. ,  which  occur  in  powder  flow,  and  therefore 
the  agglomerates  do  not  prevent  free  flow  oi  the  powder.  On  the  other 
hand,  the  strength  of  these  bonds  are  strong  enough  to  hold  the  agglomer¬ 
ates  together  in  the  aerosol  _tate.  They  did  not  state  the  mechanism  and 
manner  by  which  the  additive  adheres  to  the  base  particles,  although  they 
did  state  that  the  additive  causes  a  change  in  the  electrostatic  charge 
distribution  so  that  there  was  equal  abundances  of  positive  and  negative 
particles.  Actually  they  did  not  directly  observe  the  25p  size  agglomer¬ 
ates,  but  deduced  it  from  calculations  on  the  size  of  agglomerate*  sup¬ 
ported  by  a  vertical  air  stream  flowing  at  a  certain  velocity.  On  landing 


! 

i 


t 


| 

i- 

I 

I 


223 


(or  Impact)  the  25p  size  agglomerates  b**oke  up  and  thus  tl.ey  were  not  able 
to  directly  observe  these  large  agglomerates.  Their  conclusion,  baaed 
on  calculation  and  Indirect  observation,  la  at  best  a  working  hypothec's. 
The  formation  o t  25p  site  agglomerates  from  treatment  with  the  "right" 
additive  has  not  been  observed  In  this  program. 

Baddorf  et  al.  (1965)  in  their  treatment  with  additives  to  prevent 
agglomeration,  found  that  certain  addlt.vea  were  helpful  in  increasing 
the  aerosol izablllty  of  powders,  but  the  evidence  ms  too  widely  scattered 
to  state  any  definite  correlation.  Their  conclusions  re  the  mechanism  of 
surface  additives  were  similar  to  Owe  Berg  et  al.  (1963).  The,  '..ted, 
"there  is  evidence  both  in  our  observations  and  those  of  other  investi¬ 
gators  (referring  to  Berg  et  al.)  that  the  so-called  "antl-agglomermnts" 
act  by  causing  the  formation  of  small  uniform  agglomerants  which  roll 
over  one  another  and  thus  produce  "visibly"  free- flowing  powder,  yet  do 
not  reduce  overall  energy  requirements  for  deagglomeration. "  There  was, 
however,  no  data  (other  than  observations)  to  support  the  above  statement. 

A  few  Investigators,  e.g.  Eisner  (1960),  Lane  (1961),  found  ths-t 
waterproofing  certain  powders  with  a  hydrophobic  coating  served  to  reduce 
the  adhesiveness  of  the  powder  bed.  In  this  situation  the  coating  repels 
the  adsorption  of  water  vapor,  thus  minimizing  adhesion  due  to  water  sur¬ 
face  tension. 

A  no  th  £  t  ss^chssi  ss  by  i  i  £  i  is  gi  h* 

(1956)  ard  Cralk  and  Miller  (1958),  He  investigated  the  transformation  of 
starch  from  a  sticky,  dtff leuli-to-flow  powder  to  a  free  flowing  one  by  the 
addition  of  magnesium  oxide  f^O.05  dia).  Using  electron  microscopy  he 
showed  that  the  starch  grains  were  covered  with  a  uniform  pattern  of  pro¬ 
tuberances  representing  the  magnesium  oxide  particles.  Be  stated,  "the 
effect  of  the  msgneslue  oxia*  on  the  flowing  properties  Joes  not  appear 
to  conform  to  the  usual  principles  of  solid  lubrication.  A  solid  lub¬ 
ricant,  such  as  talc,  depends  for  its  effect  oo  its  layer- lstt ice  struc¬ 
ture,  with  very  low  strength  between  the  layers  which  thus  slip 

easily  over  each  other.  Magnesium  oxide  has  an  unrelated  cubic  structa.e 
and  would  not  be  expected  to  act  as  a  solid  lubricant."  Also  the  reduction 


In  the  flowability,  which  o^cur*  when  acre  than  a  certain  aaount  la 
added  (l$)<  would  not  be  expected  to  occur  as  a  reault  of  lubrication. 
Surface  roughness  la  ait  a  najor  factor  governing  the  flow  of  the  atarch 
since  the  adsorption  produces  a  rougher  surface,  which  should  give  an 
opposite  effect  to  that  which  is  outarved. 

To  expiate  the  phenomenon,  Crslk  postulated  that  the  layer  of  mag- 
nesiua  oxide  part  idea  lagwsed  a  gap  of  approx  lac  tel  y  1000  k  between  the 
atarch  grains,  such  that  the  van  der  Vaala  forcaa  become  greatly  reduced, 
probably  to  insignificance.  It  la  considered  that  the  corresponding 
forces  between  the  as^neslua  oxide  particles  are  lees  effective  owing  to 
the  particles  having  saaller  areas  of  true  contact;  this  would  explain 
the  reduced  adhesion.  Another  reason  for  the  reduction  In  adhesion  aay 
be  due  to  the  orientation  of  the  oxide  particles,  "if  the  starch  grains 
bate  on  their  surface  a  small  unsaturated  valency  density,  this  would 
cause  the  magnesium  oxide  particles  to  be  oriented  on  the  surface  in  such 
a  way  as  to  present  sheets  of  valency  charge  of  a  uniform  sign  to  the  ex¬ 
terior,  snd  thus  they  would  have  the  effect  of  greatly  increasing  the 
charge  density  and  the,  mutual  repulsion  of  the  surfaces." 

In  his  study  on  the  adhesive  force  of  iron  snd  iron  oxide  particles 
(obtained  by  oxidation- reduct ion  of  the  same  particles)  Boehae  et  al. 

(1962)  concluded  that  smooth  surfaces  (iron  particles)  allowed  for  large 
areas  of  contact  aed  hence  the  adhesive  forces  between  smooth  surfaces 
were  a  factor  of  10  higher  than  the  forces  between  wrinkled  surfaces  (iron 
oxide  particles).  Using  glass  plates  of  varying  roughness  Corn  (1961)  in 
bla  adhesive  force  study  also  observed  a  decrease  in  adhesion  with  increased 
surface  roughness.  Al though  these  studies  were  Halted,  they  do  indicate 
some  data  to  support  the  hypothesis  that  rough  particle  surfaces  are  leas 
adhesive  to  each  other  than  smooth  ones.  In  contrast  there  has  been  almost 
no  data  which  wight  indicate  that  smooth  surfaces  aie  less  adhesive. 
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BIBLIOGRAPHY  ON  PK8UMATIC  DI8SKKi:<&TI01f  OF  DRY  POWDERS 

The  first  phase  of  ibis  program  on  pneumatic  dissemination  of  dry 
powders  was  a  literature  survey  of  the  subject.  The  information  uncovered 
was  reported  in  Oiapter  IX  of  Poppotf  (1965),  Aerosol  Dissemination  Pro¬ 
cesses  -  A  Critical  Review,  Volume  I.  From  then  to  the  present  (April,  1967} 
the  literature  was  continuously  searched,  both  for  new  and  old  references 
pertaining  to  the  subject.  The  bibliography  presented  here  includes  the 
new  references  as  well  as  the  old.  In  addition  other  references,  which 
are  not  directly  related  to  the  subject  but  which  are  sufficiently  useful 
as  background  information,  are  also  included. 

Efforts  were  made  to  obtain  copies  of  these  articles  which  were  of 
special  interest  to  the  subject.  These  articles  are  on  file  at  Metronics 
Associates,  and  they  are  narked  with  aa  "•^risk  (*)  in  the  bibliography. 
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